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»SUMMARY
A study has been made of the types of signals 
occurring in atomic absorption analysis, and the 
optimum instrumentation needed for handling each 
case. The source of the limiting noise in this 
type of measurement has also been investigated
The distribution of atoms in the flame of the 
standard 10 cm burner has been investigated, and 
the results have been applied to the improvement 
of instrumental sensitivity.
The atomic absorption method has been applied 
to the assay of selenium . The theoretical and 
practical problems have been studied, and methods 
have been developed for the analysis for selenium 
in foodstuffs and minerals.
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1CHAPTER I
INTRODUCTION
1.1 Selection of research topics
The absorption of atomic spectral lines by atomic 
vapour has been known since the time of Bunsen, Kirchhoff, 
and Fraunhofer. However, the unique advantages of
Iutilising this phenomenon for chemical analysis have 
only recently been stressed. Walsh in 1955» ( 1 )
first suggested the technique as an alternative to spark 
and flame emission methods. He pointed out the considerable 
enhancement in sensitivity that is possible by using
absorption instead of emission methods.
In an atomic vapour, the population of the various 
energy levels is given by the Boltzmann distribution -
n0 (1.1)
where is the energy of an excited state j, and n-j is 
the number of atoms in this state; n0 is the pumber of 
atoms in the ground state; Pj and P0 are the statistical 
weights for the excited state and the ground state respect­
ively.
Equation (l.l) shows that there is an over­
whelming abundance of atoms in the ground state, for most 
temperatures likely to be achieved in the laboratory. 
Emission methods depend on the small proportion of excited
2atoms. The absorption method utilises the ground state
atoms, hence,a greater sensitivity is to he expected from
ithis method.
The technique of atomic absorption analysis, started 
by Walsh's group in Melbourne, received initial support 
mhinly from Australian chemists . Australian and New
Zealand workers, such as J.E. Allan, D.J. David, J.B.WillisIand others, have been very prominent in the application of 
the technique to chemical analysis . With this background 
oj* local development, it was considered that atomic absorp­
tion analysis should be an appropriate field for research 
projects in Australian Universities. The particular 
aspects of atomic absorption chosen for investigation in 
this thesis, stem from some of the underdeveloped aspects 
of the technique, that inevitably occur in a rapidly 
expanding field of research.
Rees and Walsh of the C.S.I.R.O,, encouraged the 
rapid development of the technique for use in chemical 
analysis. With this aim in mind., a simple,but effective 
apparatus was designed by Box and Wqlsh, ( 2 ) . This 
equipment was inexpensive, and had the desired effect of 
putting the new method in many laboratories for evaluation 
and development. Therefore, rapid development has pro­
ceeded in the application of atomic absorption in chemical 
analysis, so that, at present, the literature on this 
subject contains contributions on most of the elements 
likely to be easily analysed by this technique.
This concentration of effort on the application to 
chemical analysis has left the instrumental side of the 
method underdeveloped. Before significant advances in 
instrumentation can take place, more basic knowledge will
3be required of such aspects as the chemistry of the flame, 
the generation of suitable spectral lines, and the optimum 
methods for detecting and evaluating the spectroscopic 
information presented. The first part of this thesis has 
endeavoured to contribute to this aspect of the development.
The second part of the thesis is concerned with the 
application of the technique to a group 6B non-metal. The 
elements which have been studied to date are entirely 
metallic cations; it is thought that the analysis of an 
anion constituent represents a new field of application 
for atomic absorption. Selenium was selected because of 
a growing awareness of the importance of trace quantities 
of this element in foodstuffs, and because the present 
methods of analysis for selenium are neither elegant nor 
rapid.
1.2 General description of apparatus
Figure (1.1) shows the arrangement of the units used in 
this work. Light from a spectral source is mechanically 
chopped, passes through the flame ( into which the solution 
for analysis is sprayed ) 9and entei's a monochromator. The 
monochromator is adjusted to refract the resonance line of 
the element concerned^ onto the photocell. The output of 
the photocell is amplifled and presented on a meter or 
chart recorder.
Figure 1.1
f l a m e
m onoch rom ato r
b u rn e r
spray  c h a m b erc h op p e r  300 c/s
sampl e
300 c/s a m p l i f i e r
4The power supply for the spectral lamps consisted of 
an unstabilised 1000V DC source, incorporating a variable 
resistance in series with the spectral lamp. As this 
variable resistance constituted the major load of the 
power supply, the current was considerably stabilised 
against changes in lamp resistance, which may Jiave occurred.
The spectral lamps used were hollow cathode lamps, 
either manufactured by Ransley Glass Instruments, Melbourne, 
or made in the workshop of the chemistry department.
The chopping disc was driven by a non-synchronous motor 
at about 2000 revs/min. The disc consisted of eight 
segments, which formed the chopping blades.
The burner was the standard 10 cm burner supplied by 
Stewart R. Skinner Pty. Ltd., Melbourne. Supplies of fuel 
and compressed air to the burner, were monitored for 
pressure and flow rate. Above the burner, a small exhaust 
hood removed the products of combustion.
The lenses used were made from"Ultrasil" silica, 
and were designed to match the 1 : 6.7 numerical aperture 
of the Zeiss reflecting monochromator,(Type SPM3 ,) .
This monochromator has interchangeable prisms made of 
sodium chloride, silica and glass.
The photocell was an EMI 6256S photomultiplier, which 
is described elsewhere in this thesis. An Isotopes Dev­
elopment LimitedC Type 532/D),variable voltage, stabilised, 
power supply was used to provide the working voltage for 
the photomultiplier.
Several amplifiers could be used following the photo­
multiplier, the main unit being a Hewlett PackardC302A)Wave 
Analyser. A Yarian G-10 recorder could be connected to any 
of the amplifiers used.
5Plate 4.3^shows a general view of the equipment. The 
rack holds (in order from the bottom), the stabilised 
photomultiplier supply, the hollow cathode lamp supply, 
the Hewlett Packard wave analyser, and at the top, a 
power distribution panel and a scale expansion unit.
The exhaust hood,optical rail, and monochromator are 
seen on the bench. The photomultiplier housing extends 
out horizontally from the monochromator. A portable 
vacuum unit,for the fabrication of spectral sources, 
is seen near the fume cupboard. This unit contains a 
mercury diffusion pump, and a mechanical backing pump. 
Provision is made for the entry of the filler gas,and 
for liquid air cooling. A variable voltage (up to 2 KV), 
DC,power supply is also built into the unit,to enable 
the testing of hollow cathode lamps before sealing, 
t See page 51*
6CHAPTER II 
RADIATION DETECTOR 
2 • 1 Introduction
The radiation detector is a critical element in the 
apparatus, and therefore considerable effort was expended 
in studying the types of detectors available ,and in 
testing and adjusting the detector that was eventually 
selected .
In view of the work proposed, the detector had to meet 
two main requirements.
(a) It must be sensitive to UV radiation down to at least 
1900 A.
(b) It must be capable of measuring very weak intensities.
A survey of available detectors showed the photomult­
iplier to be the most sensitive. A photocell could have 
the same photocathode as the photomültiplier, yet it would 
be inferior for use with small signals, because of the 
Johnson noise in the grid resistor of the following 
amplifier. The photomultiplier escapes this source of 
noise, amplifying the original .photocathode current by 
secondary emission,until the signal is so large that any 
Johnson noise in the load resistor, or other noise from 
the first amplifier, becomes insignificant. The photo­
multiplier offers almost noise-free amplification of the 
photocathode current, as the following analysis will show. 
2.2 Photocathode
Under normal conditions the photocathode could be
. oh r
<. \f'-
7called upon to produce photo-currents between 10”^ to 
10~12 a ( 10^ -5 to 107 electrons/sec). The measurement 
of the lower part of this range will now be investigated.
If it be assumed,that electrons in a conductor carrying 
an electric current arrive in a random manner,the fluct­
uation in the rate of arrival is given ( 3 ) by -
(AN2) = N (2.1)
where N is the average number of electrons arriving per 
unit time, and AN is the difference between the actual 
number arriving and the mean number N. The root-mean- 
square of these deviations, ie. V(an2) can be taken as 
the standard deviation of the distribution. The emission 
of electrons from a photocathode is governed by this dis­
tribution, and is given by the Schottky equation ( 4 ) ,
(In)2 = 2elAf (2.2)
where e = charge of the electron, Af = band width in c/s, 
and In is the"noise current" (or AI) of the average 
current I, where
I = Ne (2.3)
The photocathode,however, may also emit electrons 
originating from radiation other than that which is to be 
measured - such as heat radiation - causing a background 
or "dark current" I', which will confuse the measurement 
of I. A further factor which should be considered is the 
efficiency of the photocathode in responding to the rad­
iation (including the efficiency of collection of the
electrons emitted by the photocathode due to the action 
of the radiation upon it). If this is called the quantum 
efficiency (electrons per quantum)^and is designated by Q, 
then a general equation for the S/N ratio can be derived.
8In order to bring out the important parameters involved,
the equation will be derived for an S/N ratio combining
the effects of the background noise,and Schottky noise.
If (j) is the number of signal quanta arriving per unit
time, and (Q) is the quantum efficiency of the photocathode * -x.C the electrons collected at the first dynode per
quantum) at the wavelength of the signal, and similarly,
(j1) and (Q *) refer to the general thermal radiation ,
assumed to be causing most of the background current, then
I = ejQ , (2.4)
and the background current
I' = e d ' Q 1 (2.5)
the S/N ratio I
V(In)2+(I')2 (2.6)
Combining equations 2.2, 2.4, 2.5 and 2.6,
ejQ
S/N = (2.7)y2e2AfJQ + (ej *Q ')2
An examination of equation 2.7 leads to the following 
points concerning the attainment of a high S/N ratio.
(a) The number of signal quanta (j) should be high.
(b) The quantum efficiency at the signal wavelength 
(Q) should be high.
(c) The number of extraneous quanta (o') should be low.
(d) The quantum efficiency (Q') should be low at the 
wavelength of the thermal radiation.
(e) The bandwidth (Af) should be small.
The above analysis applies only to the S/N ratio of 
the photocathode current, or more correctly, that portion 
of this current which is collected. As this current is so
9low, it is usual to amplify it further before measurement, 
and this amplification can introduce further noise, thus 
causing a lower S/N ratio at the measuring indicator.
2.3 Comparison of photomultiplier and photocell
If a photocell is connected to the grid of a vacuum 
tube amplifier, the load resistor of the cell (which is 
the grid resistor of the amplifier) has a Johnson noise 
(Ir ) due to the thermal motion of the electrons, ( 5 >6 ). 
given by
(Ir)2 4kTAfR (2.8)
k = 1.38 x 10“23 joules/OK. 
T = temp. (°K).
Af = bandwidth (c/s).
R = resistance (ohms).
The low values of photocathode current (I) met in 
practice necessitate the use of a high resistance. A 
calculation>using some typical values for the various 
parameters,shows that this can be very detrimental to 
the S/N ratio. If a one megohm load resistor is used 
to monitor a 10” A photocathode current, at 27°C, the 
following S/N ratio could be expected, using a bandwidth 
of 10^ c/s. For the photocathode without any dark current-
S/N = ---—
V2elAf
(2.9)
= 17.7
(2.10)
For the photocathode plus load resistor 
S/N IV(In)2+ (Ir)2
V2elAf+ 4kTAfE
10-12
"V 3.2 x 10-28+1,7 x 10~22 
= 7.8 x 10-2
The Johnson noise is approximately 10 times higher than 
the s4,gpal. To obtain a S/N ratio of 1.0, a photocathode 
current of the order of 10" H  A would be required, or an 
increase of the load resistor to 10® ohms. Furthermore, 
the grid current in the first stage of the amplifier will 
introduce noise. This current would be as high as 10"® A 
for an ordinary tube, and as low as lO"1  ^A for a special 
electrometer tube,such as the Mullard ME1402. In the 
above example, an electrometer tube would be used to elim­
inate this extra source of noise.
The photomultiplier provides almost noiseless amplific­
ation of the photocathode current. The photocathode 
current is magnified by secondary emission approximately 
10® times, and the resulting current overrides any Johnson 
noise in the load resistor. A fluctuation in the second­
ary emission at the dynodes does introduce further noise, 
but, as will be demonstrated, this is comparatively minor 
compared to that of a conventional amplifier.
The final anode current Ia is given by -
Ia = I G (2.11)
where I is the cathode current, and G is the gain of the 
photomultiplier.
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If a photomultiplier has m dynodes, each with a second­
ary emission coefficient of d, then the gain is given by-
G = dm (2.12)
and gains of 10& and 10® are quite common.
The statistical variation in the secondary-emission 
coefficient will be a source of noise, and will be most 
important for the first dynode,and correspondingly less 
important for each successive dynode. Of all the noise 
in a photomultiplier, 80 percent is due to the fluctuat­
ions in the photocathode emission. The remaining 20 per­
cent is due to the dynode noise . For a value of d about 
4, 15 percent of the noise would come from the first dyn­
ode, 4 percent from the second and 1 percent from the third.
The above considerations suggested a photomultiplier 
having the following requirements -
(a) Sensitive to UV light, ie. (Q) is large, equation 
(2.7).
(b) Not sensitive to the red or infra red end of the 
spectrum, ie, (Q!) is low, to decrease the emission 
of thermal electrons.
(c) ,A window, preferably of fused silica, to transmit
UV light, ie. high (j) in equation (2.7).
2.4 Description of photomultiplier and housing
The final selection was the EMI 6256 S, which is a 15-
stage ,Venetian blind, type of photomultiplier. The window
was of " Spectrosil", a fused-silica, made by ThermaloSyndicate. This window is transparent to 1650 A. The 
photocathode isanSb-Cs type, of 10 mm diameter, for which 
the red response has been reduced, by careful oxidation 
during processing. A conventional Sb-Cs cathode has 2x10^
12
thermal electrons per sq. cm» per second at 20°C. The
oxidised cathode, type S, is claimed to give only 20
electrons per sq.cm.per second under the same conditions.
The peak overall quantum efficiency of the S type cathodeois about 10 percent and occurs at approximately 4200 A.oThe sensitivity is useful to 6500 A at the red end, and 
is limited by the window material at the ultraviolet end.
The secondary emitting surface is Sb-Cs and with 13 stages, 
the limiting gain could be as high as 109. Specifications 
claim a cathode sensitivity of 30 /UA/L, an overall sensit­
ivity of 2000 A/L, and a maximum dark current of 0.0025/xA.
The mounting of the tube in the apparatus needed detailed 
consideration,
(a) The dark current can be considerably reduced by 
cooling the photocathode in order to reduce thermal 
electrons. Provision was made for cooling the entire 
photomultiplier, if it should prove necessary.
(b) Magnetic fields can deflect the electrons in their 
path from the photocathode, to the first dynode. This could 
lead /to less efficient collection of electrons, which would 
be equivalent to lowering the quantum efficiency of the 
photocathode. To reduce magnetic fields, a mu-metal screen 
was mounted between the tube and the outer brass case.
(c) Fluctuations in dark current have been reported 
(7, 8, 9, 10) due to the proximity of the photocathode 
(which is at 1500V) to earthed metal objects, such as the 
shield. Glass wool packing, half-inch thick, was used 
between the mu-metal shield and the glass of the tube at 
the cathode end.
(d) Optical feed-back is possible if electrons escape 
past the dynodes and hit the glass wall. The light from
13
the scintillations could get hack to the cathode, there­
fore all surfaces inside the photomultiplier housing were 
painted black.
(e) Careful tests were performed to ensure that the 
photomultiplier housing was light tight when fitted to 
the exit slits of the monochromator.
2.5 Testing the photomultiplier 
2.5.1 Dark current
The tube was mounted in the manner described, the 
photocathode being at the room temperature,22°C. At 1700V 
the dark current was 10“8 A, as measured by a
Keithley(200B)micro-micro-ammeter. The readings were 
taken after 5 hrs. aging in the dark with voltage applied 
to the tube.
Two tubes were tested, and gave similar results. The 
variation of dark current with applied voltage is shown as 
the bottom curve in fig. 2.1. The manufacturers test 
figure for this tube was 5 x 10“9 A at 1750V.
2 0 5o2 Gain
To measure the absolute gain of a photomultiplier 
requires a complicated and indirect procedure involving 
one,or more,accurately known optical densities. The rel­
ative gain,on the other hand,is easily measured. A steady 
light source was chopped with a rotating segment,and the 
resulting light pulses were allowed to fall onto the photo­
cathode. The peak to peak (p-p) signal resulting at the 
anode of the photomultiplier was measured with an oscillo­
scope. The upper curve of fig. 2.1 shows the p-p height 
of the signal measured in volts, plotted against the volt­
age applied to the photomultiplier.
14
Figure 2.1
Variation of relative gain and dark current with applied
voltage
—
2.5*3 Optimum voltage for operation of the photo­
multiplier
Figure 2.1 was used to estimate the most favourable 
voltage to apply to the photomultiplier. The ratio of 
gain to background noise will be near optimum where the 
curves show the largest separation. A voltage in the 
region of 1800V was indicated, and this value did not 
change appreciably when checked with light of a different 
intensity.
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2.5*4- Voltage between photocathode and first dynode 
For optimum S/N ratio, the largest number of photo­
electrons leaving the cathode should reach the first dynode. 
This is related to Q in equation 2.7> and must be at a 
maximum. For this reason, and also to increase the sec­
ondary emission coefficient (d) of the first dynode, it 
is often advised that the voltage should be greater be­
tween the cathode and the first dynode,than the voltage 
used between the other dynodes. This was investigated 
experimentally, and within the accuracy of S/N measure­
ment was not found to be significant. The .Voltage divider 
chain,therefore,consists entirely of 100 K resistors.
2.6 Investigation of limiting noise
2.6.1 Introduction
All instruments are eventually limited in their 
sensitivity by noise of some sort. The following invest­
igation was carried out to ascertain the source of noise
y  *  v" 'which limited the detection of very weak signals with 
this equipment. In some other instruments used for atomic 
absorption measurements, especially those using more noisy 
photocells, the results and conclusions could be
different.
A weak signal is defined here as having a S/N ratio of 
1.0 (the average amplitude of the signal pulse equals the 
amplitude of the noise - see fig. 5*2). All subsequent 
measurements described here were done at this S/N ratio, 
which was estimated from oscilloscope tracings.
The first investigation concerns the noise inherent in 
the actual light beam,at this intensity. Next, the sources 
of noise within the photomultiplier are examined, leading 
to the identification of the limiting noise found in 
practice.
16
2.6,2 Noise within the light beam
The fluctuation in the intensity of a beam of light 
arises because it is quantised. At the higher frequencies, 
the energy hV of a photon increases, and the possibility 
of detecting single photons,.or the fluctuation in the 
arrival of many photons,increases. The fluctuation in the 
arrival of quanta is not given by the Bose-Einstein stat­
istics, or any other similar treatment,which deals with 
the mean square fluctuation of the distribution of elect­
rons throughout the various energy levels at equilibrium.
In this type of treatment, conservation of energy is ass­
umed, not a conservation of the number of photons. The 
statistics in the present case must deal with a stream of 
photons which have no means of interacting with each other, 
and thus cannot alter their quantum state. It must be 
assumed that the photons arrive at random, but at an aver­
age rate proportional to the beam intensity. The number 
incident per unit time ,will be given by a Poisson distrib­
ution, in which the mean square fluctuation in the number 
of arrivals will equal the mean number of arrivals, ie.
(äü2) = d (2.13)
I
which is similar to equation (2.1).
If the quanta arriving are not monochromatic, the relative 
numbers of photons of different energy values will be 
subject to fluctuations governed by Bose-Einstein statistics. 
In the present discussion, it is assumed that monochromatic 
light only is used.
The following calculations investigate the fluctuations 
of the incident light, when the photomultiplier is working 
at the limit of detection; defined here as the incident
i
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light which causes a S/N value of 1.0 at the photomult­
iplier anode»
The number of incident quanta (j),of energy h V ,arriving 
in unit time, gives a measure of the power or intensity of 
the incident light.
W = JhV (2.14)
The fluctuation in the arrival of the quanta is given by 
equation (2.13), thus
S/N =  jVCAd2) (2.15)
• As the photo tube manufacturer gives the photocathode
sensitivity in terms of m A/lumen, calculations are facil-
oitated if light of 4000 A is used, because at this wave­
length the following equalities apply :-
<
mA / watt = juk / lumen 
1 watt = 668 lumens.
The EMI 6256 S photomultiplier tested had an anode 
current of 3°3 A  A,when S/N ratio of 1.0 was measured at 
the anode. Assuming a gain (G) of 108 , the photocathode 
current (I) is obtained from the anode current (Ia) by -
laI »-Jr- (2.16)
3.3 x 10-6 
108
= 3.3 x 10“1^ A (2 x 105 electrons/sec.)
Using the manufacturers value for the average photo­
cathode sensitivity (40 M A/lumen), the flux of the incid­
ent light falling onto the photocathode is
/
3.3 x 10“14
4 X 10-5 lumen
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Thus the intensity,or power of the incident light,at 
the threshold of detection is 1.23 x 10“12 watt, or 
1.23 x 10“5 erg/sec. - if the light has a wavelength of 
4000 A.
For light of this wavelength,hV = 4.95 x 10"12 erg. 
Thus from equation (2.15)
S/N 1.23 x 10“!?
4.95 x 10“12 
1.58 x 103
In this case there are 2.5 x 10^ quanta falling on the 
photo-cathode per second.
The S/N ratio of the incident light is approximately 
103 times better than the S/N ratio of the signal result­
ing at the photomultiplier anode. Obviously then, the 
limit of detection is not being set by fluctuations of 
the incident light.
2.6.3 Dark current and photomultiplier instability 
At the voltage used in this experiment, the average 
anode current was 3»3 x 10-8 A,and the dark current was 
10-8 a . Therefore the ratio of signal current/dark current
3.3 x 10-6
10-8 330
which is far removed from the actual S/N value of 1.0. 
Therefore it is concluded that the dark current is not 
seriously affecting the S/N ratio at this light level.
If the photomultiplier were the cause of a less obvious 
source of noise, for example, that caused by optical feed­
back or by ionisation of the residual gas in the photomult­
iplier, it would be expected that the S/N ratio would 
change noticeably with a change of the applied voltage on 
the photomultiplier. This effect was not observed until
19
very high voltages were used, at which point heavy noise 
resulted from ionisation of the residual gas in the tube.
It is thought unlikely that the limiting noise is from a 
source of this nature.
2.6.4 Schottky noise
The "shot noise", or "noise in signal", mentioned 
in section 2.2, can be very serious for small currents.
This noise arises from the random nature of the emission 
of electrons from the photocathode,when light falls upon 
it, and has no connection with the dark current,or "thermal 
electron" emission from the cathode. The Schottky equation 
governs the noise current (In ) at the cathode.
In2 = 2eIAf (2.17)
As (I) cannot be measured directly, this equation can be 
stated in terms of the anode current (Ia ).
T 2 _ 2eIaAf
-L n ------------------------G
(2.18)
where Ia = 1 G (from equation (2.16))
S/N
(2.19)
As G and Af are not exactly known, the first method used 
for investigating this effect eliminates their influence. 
If the S/N ratio is taken at two different light levels, 
then the ratio of these values will be given by -
(S/N)!
(S/N)" ■(la)"
(2.20)
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Hence the ratio of S/N ratios should be given by the square 
root of the respective signal currents.
Table 2.1 gives the results of four such measurements.
As the signal is measured by the voltage across the anode 
load resistor, equation (2.20) can be restated in terms of 
voltage.
(S/N)»
(S/N)"
Ua ) ’
(i«)n
(Ea)'
(E*)"
(2.21)
Table 2.1
Comparison of relative S/N ratios with the observed S/N
ratio
Signal Ea /(Ea)’ Observed
Volts V  (Ea)" S/N
20 4.47 4.0
10 3 o 16 3.3
5 2.24 2.1
1 o01—1 1.0
It is apparent,from the results in Table 2.1,that the 
S/N ratio is dependent on the strength of the incident 
light. As the measurement of S/N ratio, especially for 
low values of this ratio, was not particularly precise, 
the results in the second and third columns in Table 2.1 
are considered to agree within the accuracy of measurement.
In order to calculate the actual S/N ratio predicted by 
the Schottky equation, equation (2.19) must be used, hence 
the values for G and Af must be obtained. The Af value 
for the oscilloscope, measured with a calibrated audio 
generator, to the 3db points, was 105 c/s. The second­
ary emission coefficient of the dynodes (d) is usually
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between 4 - 4 . 5 .  As there are 1$ dynodes, and if d is 
taken as 4.12, the gain given by equation (2.12) is 
(4.12)15 = 10Ö, which is quite a reasonable value to
assume for this photomultiplier. Using a G Af value of 
10^3 in equation (2.19),the expected S/N ratios are cal­
culated from the measured anode currents. The results 
are presented in Table 2.2. Again it is considered that 
the results agree within the accuracy of the S/N measure­
ment .
Table 2.2
Comparison of the calculated S/N ratio with the observed
S/N ratio
-^a Observed S/N Calculated S/N
66.6 4.0 4.56
33.3 3.3 3.25
16.6 2.1 2.28
3.3 1.0 1.04
2.6.5 Conelusion
It is concluded from the above investigation that 
the limit in the measurement of weak signals is set by 
the "noise in signal", or the random nature of electron 
emission at the photocathode. As this is a fundamental 
limitation, no further attempts were made to improve 
the photomultiplier.
Three further conclusions were obtained frpm this 
investigation.
(a) Cooling the photomultiplier will not lead to a 
significant improvement in accuracy.
(b) As the accuracy of measurement will depend on the 
incident light intensity, an intense light source and 
optics of the largest possible aperture should be used.
22
(c) If higher accuracy in the measurement of the light 
intensity is required, it will have to be obtained by 
integrating the signal over a long period.
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CHAPTER III
INVESTIGATION OF AMPLIFIERS 
3.1 Introduction
The amplifier is expected to amplify the signal from 
the photomultiplier, so that a meterf or other form of 
indicator can display the result to the operator. The 
amplifier could, if necessary, have very high gain. 
However, such "instrumental sensitivity", if taken beyond 
a certain point, would not lead to further improvement in 
the instrument. If the function of the amplifier were 
only to provide sensitivity, then the design of such a 
unit would be straightforward.
It is not generally realised that an amplifier 
provides two other important functions.
(a) The amplifier can "select" information within the 
signal.
(b) The amplifier can present an average value from a 
fluctuating signal.
In this work,the word "amplifier" is used rather 
loosely to include any unit used for processing the 
signal from the photomultiplier. In some cases,no 
amplification occurs.
In fig. 3.1, some chart recordings are shown of the 
improvement in readability that can be obtained by some 
of the methods discussed in this chapter. The noise on 
the wide band amplifier tracing was mainly from photo­
multiplier background, and stray room light. In the
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middle of each trace,the same dilute solution (contain­
ing copper) was sprayed. The traces were obtained 
successively over the period of a few minutes, all 
settings of the equipment remaining unchanged, except 
for the alteration of the amplifier as specified. The 
designations w/b and n/b refer to wide band (Af-10^c/s), 
and narrow band (Af=6c/s),amplifiers respectively * The 
technique of scale expansion is not dealt with in this 
work, as it represents a method of obtaining greater 
instrumental sensitivity, but does not improve the S/N 
ratio,
Figure 3„1
Improvements in the readability of a weak absorption
the amplifier design
The change in the 100% line is recorded 
when a very dilute solution is sprayed 
into the flame. In each case the sol­
ution has been sprayed during the 
middle section of the recording.
(a) - wide band amplifier.
(b) - wide band amplifier with integration.
(c) - narrow band amplifier and integrat­
ion .
(d) - as for (c) with scale expansion.
The criterion used here for a good amplifier is the 
ability to provide an "accurate" measurement, the sensitiv­
ity of the amplifier being a secondary consideration. The 
meaning of "accurate" measurement should be defined as 
closely as possible. The absorption method virtually
by means of
d
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measures the density of the flame, and the optics are such 
that a specular density is produced. A good amplifier
will be defined as one that can measure the specular 
density of the flame at a specific wavelength.
It should be pointed out at this stage that density is not 
inherently required, transmission values or any other read­
ings can give accurate assay results, providing the analyst 
adopts the calibrating techniques used at present in atomic 
absorption analysis.
3.2 Classification of signals
The types of signal the amplifier is called upon to 
handle in atomic absorption are classified below.
(a) The normal signal - which has a S/N ratio about
10.0.
(b) The weak signal - in which the instrumental noise, 
and/or extraneous light sources cause a S/N ratio 
of 1.0 or less.
(c) The drifting signal - where the intensity of the 
light source is changing with time.
(d) The noisy signal - which differs from the weak 
signal in that the light source is strong but is 
fluctuating violently, eg. a spark or arc source.
Each type of signal requires a different type of pro­
cessing by the amplifier to ensure optimum results. In 
the work described here, four types of amplifier have 
been investigated, both theoretically and experimentally, 
for their ability to deal with the varying conditions 
listed above.
Figure 3»2 shows oscilloscope tracings of the range of 
S/N ratios encountered throughout this investigation.
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Figure $.2 Oscilloscope tracings taken 
at the photomultiplier anode, 
showing the range of signals 
encountered from a modulated 
spectral source.
Tracing "a" represents strong 
signal conditions, usually the 
monochromator slits are wide, 
and the photomultiplier volt­
age low.
Tracing "b", r,c", and "d" rep­
resent the range of S/N ratios 
encountered by an analyst in 
day to day use of atomic ab­
sorption analysis.
Tracing "e1 represents a 
weak signal, where the S/N 
ratio is slightly less than 
unity.
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3-3 Theoretical basis of the techniques used
3.3ol Observation time, bandwidth and time constant 
The parameters of bandwidth (Af), time-constant 
(RC), and observation time (T) ,are interdependent. The 
equations (3.1) and (3.2) indicate the general depend­
ence of each parameter on the other, ( 11 ), although 
slightly different relationships are often used, (3 ).
1
Af (3 .1)
2RC (3.2)
Thus from equation (3.1), we see that the time constant, 
or "response time" of an amplifier is related to the recip­
rocal of the bandwidth (or pass-band). Equation (3.2) 
suggests that the minimum time of observation should be 
at least twice the time-constant of the system.
If it is decided to use an amplifier with a very narrow 
pass-band Af, eg„Af = 1 c/s, then the output meter appears 
to be damped, and the analyst must spray the sample longer 
in order for the needle to reach the final position. A 
similar result is produced when using a wide band amplifier 
with a long time constant built into the output circuit.
The higher the value of RC, the greater the damping^and 
the longer the observation time.
Large time constants are often used in "averaging" a 
fluctuating signal. The greater the time constant, the 
less the fluctuation on the output meter; time must be 
traded for accuracy.
3o3o2 Relationship of bandwidth and noise
This can best be studied by considering the quad­
ratic content of a noise voltage En . If noise from several 
sources is combined, the quadratic contents are additive,
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hence - (En?) = (Enq2) -f (En2^)-h----  (3*3)
If noise from each small frequency interval Af (eg.
Af = 1 c/s) is combined, then -
___ i=
(En?) =
i=
(Eni2)Afi (3.4)
where Eni = the noise voltage contribution per unit 
frequency for the*i*”th frequency interval Afi- 
If it is further assumed that each frequency interval 
contains the same quadratic content of noise (Eni?), ie. 
"white" noise, then -
(En2) = (Eni2) A? (3.5)
where / A f ±  = A f .
The root-mean-square noise output (En) from an amplifier 
is thus proportional to the square root of the bandwidth 
(AF). ie. (En) (Eni) V a F (3.6)
If a signal comes from a source with a pass-band of 
10 kc (ie„ a response time of 0.1 m sec.), and is passed 
through a filter or ah amplifier with a pass-band of 625 
c/s (response time 1.6 m sec. ), the noise will decrease by 
a factor of four, ie.
. 4V 625 ' 25 "
3.3.3 Improvement threshold
, .In atomic absorption the situation often arises where 
the signal from the photomultiplier is composed of several 
individual signals, only one of which is wanted. Walsh,
( 12, 1 ) suggested the system of "coding" the wanted
signalf (the light from the spectral source) in order to 
eliminate the effects of light from the room and light
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from the flame. Light from the spectral source is modulated 
electrically, or with a chopper disc, so that the signal 
from the photomultiplier contains an alternating component 
at the modulation frequency. An amplifier,responding to 
this frequency,can then he used to measure the desired 
signal, the other signals having relatively little effect.
From the discussion in 3*3*2 it would appear that use 
could he made of this technique in reading very weak sig­
nals hy simply narrowing the pass-hand of the amplifier.
If, for example, we take a weak signal that is only one 
fifth as strong as the accompanying noise, ie. S/N = 0.2 
when measured in a system with a 10 kc bandwidth, then the 
S/N ratio should he increased to 20.0 hy decreasing the 
bandwidth to 1 c/s. Unfortunately this approach has limit­
ations. As the S/N ratio becomes smaller, a point is 
reached where a decrease in bandwidth does not lead to 
further improvement. This ’’threshold of improvement" 
usually occurs when the S/N ratio is about 1.0.
3*4- Synchronous detectors
3*4-. 1 General theory
The best known method of dealing with signals having 
S/N <  1.0, is the phase sensitive detector. Some form of 
rectifier is designed to activate the amplifier when the 
desired signal is present. If a modulating frequency of 
300 c/s were being used, then a rectifier switching pulse 
of the same frequency and phase as the modulated signal, 
would discriminate heavily in favour of the desired signal.
The working of this type of amplifier can best be shown 
by taking the Fourier series for the rectifier switching 
pulse (a square wave) and the signal (in this example a 
sine wave). These signals are multiplied (as the apparatus
t
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is so designed that removal of either signal will result 
in zero output), and an expression is formulated which gives 
the average output voltage obtained over the observation 
time (T).
The switching pulse of the rectifier will be a square 
wave given by the Fourier expansion
cos Wt + cos 3Wt i. cos 5Wt .3 5
In the case of a signal of amplitude Aq and frequency 
(angular velocity) Wq, where Wq / nW
A iYq = — COS Wqt
Ar and Aq are the p - p amplitudes of the signal.
The result of the multiplication of these two signals is
ApAi
YrYi (COS Wit ) (cos Wt + o o s ^ l t  +  cos ^Wt + _---)
The average value of this function over a period T is 
given by -
ArAf
t=T
t=0
(cos Wit) (cos Wt + C0S3?Wt + C0S^ Wt - )
_ AjAj sin )■£ sin(W-W])t . sin(W]-3W)t ,
4T [ 2 (W+Wq) + 2(W-Wq) + 2(Wq-3W) +
A rAq
As T — 00, 0
T
0
Since all frequencies where Wq / nW produce zero output 
as T — »-00, then very little noise will register in the 
output, the .effect of noise will be smaller as the time- 
'constant, and hence the time of observation, becomes greater.
If the signal is of the same frequency and phase as the
1
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switching signal of the rectifier, ie. Yp = Aq cos Wt, 
then the following analysis applies.
AjxA.1
YrYl = 4 (cos Wt)(cos Wt +  °°s3Wt cos5Wt ----}
The average value over a period T is 
t=TApAi
t=0
, Cos Wt cos 5Wt , cos Wt cos 5Wt cos w c  -f. -7 -f- f  -4-
ArAp t sin 2Wt sin (2W)t sin(4W)t
4- — 27;----- 4- — 27;—  +2 + 4W 4W 8W
As T — oo,this function -A-iAj8
A signal, of the same frequency and phase as the detector 
switching signal, will therefore give a finite output.
Amplifiers using this principle are called synchronous 
detectors, phase Sensitive detectors, coherent detectors, 
auto-correlators, homodyne amplifiers etc., and are char­
acterised by their ability to measure signals when the 
S/N ratio is <1.0.
3®402 The effect of higher harmonics
During this study,it became necessary to investigate 
the contribution to the output made by the higher harmonics 
of the modulated signal, in the case of the synchronous 
detector.
Assuming a square wave form for both the rectifier 
switching pulse (Y^) and the signal pulse (Ys), the out­
put, which is the product of these two waveforms, can be 
calculated by taking the cross products of all terms with
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cos nWt
each other.
In the following analysis, all the cross products of
different harmonic frequencies, and the cross products
for identical frequencies have been evaluated separately.
If the rectifier switching waveform he
. n= ooA r v—
(where n is odd, and designates a particular harmonic) 
and the signal waveform he-
A S V ^ 00
Ys ■ “  L 1
(where m ps odd, and designates a particular harmonic). 
As the waves are of the same frequency and phase, the 
product
cos mWt
Yy»Y A jA-s
n=00 m= oc
rxs
'n=r m=l
cos nWt
n _
cos mWt dt.
can be resolved into the cross products where n / m and 
the cross products where n = m.
Case (1), any two harmonics where n ^ m, will give
ArAs
4nm
(cos nWt)(cos mWt)
The average value of this function over a period T is
t=T
(cos nWt)(cos mWt)i ^t = 0 L
ArAs
4nmT
dt.
ApAg
4nmT
sin (n+m)Wt sin (n-m)Wt 
2 (n+m) +  2 (n-m)
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ApAs
As T -- ^°°»4nmT-- v ^ence the whole product approaches
zero for long observation times.
Case (2), any two harmonics where n = m 
For observation time T, the average value
t=T
cos2 (nW)t j dt.
=  0
ApAs 
4n2 T
As T oo product-
2 +
ArAs
8n2
sin (2nW)t 
4nW
a finite result.
The output of a synchro­
nous amplifier will be the sum of the cross products of 
the identical harmonics in the two wave forms involved, 
and will be mostly dependent on the fundamental and the 
lower harmonics. The average output over a long period 
is given by
Y Y ir is
n= oo
'n=l
ApA<
8n2
(where n is odd and designates a particular harmonic)
ApAs
ApAg
8
ArAs
8
8
1 +
n= oo
n=l 
1o +  +  "^5 +'32 52 72
Si
8
(3.7)
(3.8)
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A study of equations (3.7) and (3*8) shows that 
about 80 percent of the output comes from the fundamental 
frequency, ie. n = 1; the third harmonic (n = 5) only 
contributes l/9fand the fifth harmonic (n = 5) only 1/25, 
of the fundamental contribution.
In the apparatus assembled for this work, the rectifier 
switching waveform was a square wave, but an analysis of 
the harmonics (measured with the Hewlett Packard wave 
analyser) of the modulated signal, showed the distribution 
in table 3»5? page 45» As the amplitude of the higher har­
monics falls off even more rapidly than that of a square 
wave, then the output was even more dependent on the fund­
amental frequency.
3.5 Square law detector
It is now apparent that the ability of an amplifier to 
measure a signal accurately does not depend only on the 
bandwidth, time constant, and period of observation. The 
S/N ratio has to be known before the selection of the best 
type of amplifier can be made. Once the type of detector 
has been decided, then the techniques of narrowing the band 
width or increasing the time constant,can be used as approp 
riate.
One type of detector, not considered so far,
is the square law detector. With this type of det­
ector the output voltage is proportional to the square of 
the input voltage, ie.
E0 = aE±2 (3.9)
Ej_ = input voltage.
E0 = output voltage.
= proportionality constant.
Such a detector gives an enhanced S/N ratio at the
a
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output, when the S/N ratio is >1.0 at the input. The
signal being of greater amplitude than the noise, is
*
enhanced further. As this detector is not linear, the 
true density of the flame is not measured (indeed grat- 
ifyingly high values of sensitivity would be obtained by 
an analyst), so this type of detector will not be consid­
ered further.
3.6 Description of amplifiers
Four types of amplifiers were investigated. A brief 
description of each follows.
A wide band amplifier was representative of present 
commercial instruments, where the light source is mod­
ulated at 50 - 100 c/s,and an amplifier with a bandwidth 
of approximately 10 kc/s is used.The amplifier assembled 
for this experiment had a bandwidth of 80 c/s - 12 kc/s, 
at the 5db points. The output of the amplifier could feed 
a meter or chart recorder if desired, and switching fac­
ilities allowed variation of the time constant in the out­
put circuit. The circuit used is shown in fig. 3*5.
A narrow band amplifier was used to investigate the 
actual improvement attained by narrowing the pass-band, 
as discussed in section 5.3.2. The amplifier was a Hewlett- 
Packard Model 302A wave analyser. The block diagram of 
this equipment is shown in fig. 5.6. The unit is virtually 
a voltmeter that is tuneable over the band 0-50 kc. A 
local oscillator is tuneable over the band 100-150 kc, and 
is mixed with the input signal in a balanced modulator.
This is followed by a 100 kc/s amplifier, having a band­
width of ±5c/s, this pass-band being formed by the use of 
three quartz crystal resonators. The meter, at the output 
of the amplifier, responds only when the local oscillator
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and a coaipcnent  o f  t h e  i n p u t  s i g n a l , a r e  i n  su c h  a r e l a t ­
i o n s h i p ,  t h a t  t h e  d i f f e r e n c e  f r e q u e n c y  ( l o w e r  s i d e  b a n d )  
i s  100 k c / s .  The b and  o f  0 -5 0  k c / s  i s  s c a n n e d  m a n u a l l y  
b j  t u n i n g  th e  l o c a l  o s c i l l a t o r  b e tw een  100-1.50 k c / s ,  and  
t h e  a m p l i t u d e  o f  t h e  t u n e d  s i g n a l  i s  m easu red  by t h e  m e t e r .
F i g u r e  5 . 5
C i r c u i t  o f  wide  band a m p l i f i e r
0 01 Mf
Outpu t  m a t t r
F i g u r e  3 «6
C i r c u i t  o f  n a r r o w  band a m p l i f i e r
)MAX »*UT VQtTACCl ICARRlCR PAL I | RANGE j I METER CA il
IZEROSCH IfREQUCNCTl
LOCAL
OSCILLATOR
Block Diagram Model 302A
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Figure 3.3
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Figure 3*5. Tracings
from a double beam oscill­
oscope , showing the input 
and output S/N ratios from 
the wide band amplifier 
described in this chapter. 
The upper trace is the 
input, the lower trace the 
output.
Figure 3*6. Tracings
from a double beam oscill­
oscope, showing input and 
output S/N ratios from the 
narrow band amplifier des­
cribed in this chapter.
The upper trace is the in­
put , the lower trace the 
output.
Figure 3*4
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Because of the narrow bandwidth of this amplifier, the 
chopper disc would be required to rotate at constant speed, 
otherwise the desired signal would drift out of the pass- 
band of the amplifiero This effect is overcome by an aut­
omatic frequency control (A.F.C.) facility, built into the 
wave analyser. Using this control, the analyser "locks" 
itself onto the signal, so that any variation in the speed 
of the chopper disc does not affect the output reading.
The output was connected to a Varian G— 10 recorder,and a 
variable time-constant network was coupled to the recorder 
input.
A synchronous amplifier was used to investigate the 
recording of weak signals, where the S/N ratio was below 
1.0. The amplifier, designed and constructed by Dr. D.A. 
Robertson and staff, used a DC chopper relay driven by a 
transistorised amplifier, fig. 3 » 7 • The signal used to 
operate the relay was obtained from a photo-transistor 
(an 0C71 with the paint removed) and torch globe mounted 
at the circumference of the chopper disc. The unit pro­
duced driving pulses at exactly the frequency of the sig­
nal, the phase was adjusted by rotating the photo-trans­
istor unit circumferentially around the chopper disc, and 
phase comparison with the signal was done by means of a 
double beam oscilloscope. The signal was fed through this 
relay,and into the electronic integrator described later.
The unit was tested by illuminating the monochromator 
slit with light from two sources; one modulated (signal), 
and the other unmodulated (noise). With a S/N ratio of 
0.03, the noise signal could be switched on or off without 
causing any variation in the reading of the desired signal.
An integrator was used as a means of measuring the 
absolute values of noise and signal. The integrator is a 
wide band device that sums all signals appearing at
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the input, the output being read, after a set time interval.
figure 3*7
Synchronous chopper and amplifier
In p u t fro m
p h o to m u lt ip lie r
C h o p p e r  d ie c
--- HH
OC 4 4O C 7 I
 ^transparent anratopa
Each source of noise or signal can be separately estim­
ated by a systematic elimination of the various sources 
contributing to the overall output. The circuit used is 
shown in fig. 3*8. This unit was constructed around a 
I hilbrick (U oS .A . 3*) amplifier (open loop gain 10®). A 
capacitor was taken from the output back to the input,
Figure 3*8 
Integrator circuit
thus making the input term­
inal a virtual earth. The 
signal current flows through 
the input resistor at a rate 
directly proportional to the 
signal voltage, and the cap­
acitor charges linearly, the 
increase of charge with time 
being measured v/ith a Varian 
G-10 recorder. The time con­
stant is that of the 3 Meg. series resistor and the 0-1 /tf 
feedback capacitor. The resistor network was incorporated 
for resetting the integrator.
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3*7 Experimental investigations
3.7«1 Testing with microscope slides
The first requirement for the amplifier is that it 
he capable of measuring the correct density under ideal 
signal conditions. (A non-linear amplifier will not meet 
this requirement). This aspect was checked by using
omicroscope cover slips as standard densities. The 3248 A 
line of copper was used - at this wavelength the micro­
scope cover slips had a specular density of 0 .0 7-0 .0 8 .
All slips checked had the same density within the limits 
of error of the apparatus. Microscope slides having a 
density of 0.16 were also used in checking.
Cover slips were placed in front of the entrance slit 
to the monochromator, and normal to the optic axis. 
Accuracy and linearity were ascertained by successively 
placing extra cover slips in the optic path, one at a time. 
A typical set of results, with a good S/N rations
shown in table 3 .1 .
Table 3.1
Density measurements of microscope cover slips, using 
three experimental amplifiers
No. of Wide band amp. Narrow band amp. Integrator
cover
slips D AD D AD D AD
1 Oo0795 0.080 O.O7 I9 0 . 0 7 2 0.082s 0.083
2 O.I6 I7 0.082 0 01452 0.073 0.1467 0.064
3 0.2418 0.080 0.213i 0 . 0 7 0 0 . 2 2 2 4 0 . 0 6 5
4 O o3 1 2 9 0o071 0 .2 9 0 2 0.073 0.2936 0.073
Average 0 . 0 7 8 0.073 0 . 0 7 2
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It should he noticed that the wide hand amplifier gives a 
higher average reading, and whilst the difference is inside 
the experimental error of the apparatus (estimated at about 
0.01 unit of density),this amplifier may he slightly non­
linear, as later results in table 3*3 also show the wide 
hand amplifier gives enhanced values,when high S/N ratios 
are used. The figures given for the wide hand amplifier 
could he compared with those obtained by Dr. D.J.David,of 
the C.S.I.R.Oo, Plant Industry - table 3.2. These read­
ings, for similar cover slips,were done with a commercial 
wide band amplifier (Techtron W.M.A. unit),and do not show 
the same enhancement.
Table 3.2
Density measurements of microscope cover slips, using the 
"Techtron W.M.A." amplifier ^
No. of cover slips D AD
1 0.076 0.076
2 0.143 0 . 0 6 ?
3 0 . 2 2 2 0 . 0 7 9
4 0 . 2 9 2 0.070
Average 0 . 0 7 3
by Dr.DoJ.David, CoS o I . R . O . , Division
Industry.
Plant
This suspected discrepancy in the wide band amplifier 
was not considered to be of sufficient consequence to 
require a modification of the unit.
3.7 «2 Testing with weak signals and a flame
The next test examined the ability of the four 
amplifiers to read the density of a microscope cover slip, 
a microscope slide, and a flame into which was sprayed a 
copper solution. The test was done at a high and a low S/N
42
ratio. The results are presented in table 3 «3»
Table 3-3
Densities obtained using slides and a flame, at high and
low S/N ratios
Sample Wide
band
Narrow
band
Synchronous Integrator S/N
Thick slide 0.19 (D1—1 0o 0.17 5 0.16
Thin slide 0.09 0.08 0.08 0 • 08^ 10.0
Flame 0.25 C\JCM9o 0.22 0.21
Thick slide 0.10 0.18 0.175 O.O75
Thin slide 0.05 0.09 0.08 0.05 <1.0
Flame 0.07 0 o 13^ 0.13 O.O35
The results are the average of several readings. The 
same microscope slide and cover slip were used for all 
tests. The burner used was the standard 10 din unit des­
cribed in section 4.1. It was placed between two silica 
convex lenses.All pressures and flows to the burner 
were constant during the test period. The spray unit
was cleaned between each Set of tests. A copper solution 
of approximately 5 sppm of copper was used. The low S/N 
ratio was approximately 0.5 when measuring the glass 
slides, but could be even lower with the flame, due to 
emission radiation.
The results v/ere judged on the ability of the amplifier 
to record the correct density (ie. the average density 
measured under strong signal conditions). The integrator 
measured all signals, and no subtraction of background 
signal was made. Thus the integrator in this test would 
represent the results of the worst type of amplifier.
If corrections had been made, the results should have been
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similar to those of the synchronous detector.
The observation time was two minutes per reading, this 
reading being the tracing over the chart during this 
period. The time constant of the amplifiers varied, each 
amplifier having the time constant normally found suitable 
for the unit concerned.
3.7.3 Conclusions
This test shows that -
(1) The synchronous detector seems the most precise 
all round unit.
(2) Apart from the integrator,which has been "designed" 
to be the worst amplifier, the wide band amplifier is the 
least satisfactory. It should be noted,however, that the 
wide band amplifier is superior to the integrator in the * 
case of a weak signal superimposed on flame noise, so that 
even in this most unfavourable circumstance, the wide band 
amplifier does lead to some improvement.
(3) The narrow band amplifier is very good. Even in 
the most unfavourable cases shown here, it showed sensit­
ivity as good as the synchronous detector. It is rated 
second to the synchronous detector because of the incon­
venience associated with averaging a fluctuating trace on
a chart. (It is impossible to read the output meter directly 
in the case of a weak signal). Also it is known that the 
synchronous detector will work at S/N ratios very much 
lower than the one used in this test, if RC is increased.
3.8 Frequency spectrum of noise
A series of tests checked the frequency distribution of 
the noise associated with the apparatus and the flame.
Both the random background noise, and the emission noise 
from the flame, showed a flat distribution from 100 c/s
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to 1000 c/s, then a gradual fall off to 50 kc/s. A calculation 
of the impedance of the 10ft coaxial cable connecting 
the units, showed that the fall off was due to
cable losses. The calculated curve precisely matched the 
observed fall off with frequency. It is therefore con­
cluded that both sources of noise show an even distrib­
ution per unit bandwidth, within the range of
the apparatus.
3.9 Flame emission interference
The effect of severe emission light from the flame was 
demonstrated with the 2614 A line of lead. This line is 
emitted strongly Just above the reaction zone in the flame.
The apparatus was so adjusted (with a 2 mm aperture in 
front of the second lens) that the maximum amount of light 
from the emitting zone in the flame was focussed onto the 
monochromator entrance slit.
When atomic absorption measurements were made with a 
wide band amplifier under these conditions, no absorption 
occurred. Actually, the output indicator reversed direct­
ion, indicating an overall emission signal. A narrow band 
amplifier recording under similar conditions indicated a 
strong absorption.
This demonstrates the advantage of using narrow
band amplifiers in atomic absorption work. Sometimes the 
analyst may obtain false readings due to unsuspected 
emission at the wavelength used. Narrow band amp­
lifiers will practically eliminate this hazard. Their use 
is an extension of the original suggestion of Walsh,regarding 
the use of a modulated light source.
3.10 Variation of sensitivity with higher harmonics of 
the modulation frequency
A rather puzzling result was noticed when some densities
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were taken using higher harmonics of the modulation 
frequency. The higher the harmonic used, the greater 
was the sensitivity to copper. On the other hand, this 
effect was not shown when glass cover slips were measured. 
A set of density measurements is shown in table 3*4-.
Table 3*4
Variation of density with chop]per harmonics
Sample Fundamental harSB^ic harrfiSÄic harSSfiic
Thick slide 0.16 0.16 0.16 0.16
Thin slide 0.08 0.08 0.08 0.07
Flame 0.22 0.24 0.25 0.31
The problem was finally solved by considering the 
Fourier spectrum of the modulation signal. The modulation envel­
ope was approximately a square wave,as shown by a com­
parison of harmonic amplitudes set out in table 3-5«
Table 3-5
Relative amplitudes of the components of the modulated 
signal and a square wave
Signal Harmonics of a square wave Measured harmonics
Fundamental 100 100
2nd harmonics 0 3
3rd " 33 15
4th 0 0
5th 20 2
A study of the Fourier summation shows that the higher 
harmonics have the most effect at the leading and trailing 
edges« The edge amplitudes are entirely dependent on the 
amplitude of the harmonics. A careful study of the optics
i :
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involved in the formation of the leading and trailing 
edges of the pulse, showed that light from these parts 
of the pulse travelled a different path through the flame 
than the light from the middle part of the pulse, which 
had a high fundamental content.
The light beam was modulated by a radial blade on the 
chopper disc scanning across a circular aperture, see 
fig. 3*9- The leading and trailing edges of the light 
pulse originated from the circumference of the aperture, 
and were therefore non-axial rays. These non-axial rays 
apparently had greater sensitivity than the axial rays, 
hence the greater sensitivity shown by the higher harm­
onics of the modulation signal. Figure 3.9
The verification of this 
theory was achieved by plac­
ing a small (3mm) aperture 
in front of the first lens.
This eliminated most non- 
axial rays and the enhance­
ment effect vanished.
Further confirmation was ob­
tained by reorientating the 
burner to give maximum sens­
itivity fox' the axial rays, 
the higher harmonics then showed a decrease in sensitiv­
ity.
A point of interest was the presence of two satellite
signal (26 40 c/s)^either side of the main 300 c/s
signal«* Initially it was thought that these could have 
been due to ripple in the lamp output. This ripple should
thod of modulating the 
snectral source
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have been at 100 c/s (full wave rectification). This would 
have given sum and difference frequencies of -
f 1 + f2 = 300 + 100 = 400 c/s
f]_ - f2 = 300 - 100 = 200 c/s
Neither of these frequencies was found to have notable 
output. If for some reason, there were a 50 c/s beat, then
f 1 + f2 = 300 4* 50 = 350 c/s
fl - f2 = 300 - 50 = 250 c/s
Whilst these frequencies were much closer, they were 
outside the experimental error of the instrument, and 
it was decided that the signals at 265 c/s and 3^0 c/s 
were not due to a 50 c/s beat. A beat frequency of from 
35 c/s to 40 c/s would have to be found to explain these 
frequencies.
The chopper blade contains eight blades, and as the 
resulting signal is about 300 c/s, then the disc is 
rotating at 2LQQ = yj ^  c/s
If the disc were not mechanically perfect, and more 
light were to come through one segment, there would then 
be a small signal at 3 7 «5 c/s. Investigating this further 
we get -
fl 4 f2 = 300 4 3 7 *5  =  3 5 7 -5  c/s
fl - f2 = 300 -  3 7 . 5  =  2 6 2 .5  c/s
The difference between these frequencies and the observ­
ed frequencies is within the experimental error of the 
equipment, and it is considered that an imperfection of the disc 
causes these small satellite frequencies.
3.11 Conclusion
Work reported in this section has dealt with the suitab­
ility of specific types of amplifiers in measuring flame
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densities. Another important aspect of amplifiers is the 
convenience to the operator. A synchronous amplifier- 
chart recorder combination, whilst being precise, may not 
be acceptable when compared to the ease of reading an out­
put meter in a less accurate instrument.
It is suggested here that the best all round amplifier 
is the narrow band amplifier. This type of amplifier can 
be convenient, accurate, and moderately priced ( if 
very narrow bandwidths are not required).
The following points are also suggested from this invest­
igation.
(a) The synchronous detector is the amplifier most capable 
of measuring weak signals in noise. There is no advantage
in using this amplifier for normal Signals.
(b) An electronic integrator assembled from an operational 
amplifier is suitable for investigating the various sources 
of noise throughout a complete system.
(c) The wide band amplifier is adequate for most types of 
signals encountered in atomic absorption. With weak signals, 
or when heavy flame emission occurs at the wavelength being 
used, the wide band amplifier gives low results.
(d) The output voltage of the amplifier should be linearly 
related to the input voltage, if sensitivities are to be 
compared or quoted. Providing normal procedures for stand­
ardisation are used, the linearity of the amplifier is not 
of great consequence in chemical analysis.
(e) If the spectral source slowly drifts, the easiest 
method is to shorten the observation time of the experiment. 
A more permanent solution is to use a double beam system 
that will monitor the lamp output.
(f) A noisy spectral source can best be handled by a long 
time-constant in the amplifier, with the consequent disad­
vantage of a long observation time.
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CHAPTER IV
DISTRIBUTION OF ATOMS IN THE FLAME 
4.1 Introduction
The most obvious means of improving the sensitivity 
and range of atomic absorption analysis,is to improve 
the components associated with the flame. Better sprays, 
hotter fuels, multiple passes through the flame etc., 
have all been used with success, however,progress has 
been slow due to the complexity of the problem. The 
chemistry of the flame is imperfectly understood, and 
experimental measurements are usually unreliable, due to 
either lack of equilibrium in the flame, or the inter­
ference of the measuring instrument.
Whilst the flame is a very convenient method of vap­
orising the sample, one is tempted to strive for other 
methods of vaporisation . Some experiments with an 
argon plasma have, therefore, been included in this chapter.
The bulk of the work in this chapter is concerned with 
the distribution of atoms in the flame of the standard 
10 cm burner, used by most Australian workers, (13),(S.Skinner 
Pty. Ltd., Melbourne), see plate 4.1. The work was under­
taken for two reasons. Firstly, the way the atoms are 
distributed gives an indication of the reactions
occurring in the flame, the stability of particular com­
pounds, and other chemical information. Secondly, a knowledge 
of the types of distribution could lead to improvement in 
sensitivity, if the optics are designed to utilize the
areas where atoms are denser in the flame.
Plate 4.1
Standard 10 cm. burner
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Plate 4.2
Refraction in 10 cm flame
Rich Lean
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Plate 4.3
General view of equipment
Plate 4.4 
Plasma experiment
'm
m
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4,2 Experimental
The light from the spectral source was collimated 
with a quartz lens. When this parallel light passed 
along the flame, a refraction pattern, shown in plate 
4.2,resulted. Portions of this pattern were selected 
for examination, using a 1 mm diam. pinhole. The arr­
angement used is shown in fig. 4.1. The refraction 
pattern was scanned both horizontally and vertically 
past this pinhole, a density reading being taken at 
each 1 mm of traverse.
1igure 4.1
Refraction of parallel light in passing through the flame
1i
;
monochromator re frac tion  flam e source
aperture
At each point, distilled water, then the test sol­
ution were sprayed. The concentration of the test 
solution had been previously adjusted so that the 
highest density recorded would be a density about 
1.0, ie, 10% transmission. Contour lines were drawn 
at increments of 0.1 density units.
It should be realised , when considering these
distributions, that a certain distortion occurs because 
of refraction by the flame gases, which are not uniform 
in temperature or composition. The exact path of the
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light causing the absorption is not precisely known,due 
to this effect» The distortion has the effect of widening 
slightly the middle of the recorded distribution.
A further source of error could occur in the density 
estimation due to light emitted from the excited atoms 
in the flame. This is usually assumed to be negligible 
when modulated light, and an AC amplifier,are used. This 
assumption can be quite incorrect in cases where there is 
heavy emission at the wavelength being used. All measure­
ments were done with light mechanically chopped at 500 c/s , 
using an amplifier of i 5 c/s bandwidth. This- system virt­
ually eliminated the emission signal from the flame - the 
AC component of emission light from the flame,within this 
bandwidth,is extremely small.
The use of a 1 mm pinhole resulted in severe atten­
uation of the light from the spectral lamp. Only l/100th 
of the light normally available is used. This leads to a 
poor S/N ratio for the measurements. The narrow band amp- 
'lifier, and further smoothing with capacitors,enabled res­
ults accurate to about 1% to be obtained.
4.3 Effect of the anion
The vertical distribution of atoms in the flame did not 
change when various salts of the same metal were sprayed. 
This effect was observed often, but was investigated in 
detail for copper and selenium only. Copper chloride and 
copper Sulphate solutions gave identical distributions, 
as did selenium dissolved in NaCN, Na2S03 ,and a mixture of 
HNO3/H2SO40 These results are reported in chapter 5«
This general statement possibly does not apply in the 
case where refractory compounds can be formed with anions 
in the flame. Phosphate interferes with a calcium anal­
ysis, and the distribution may be changed in cases such as
5^
this. The present investigation was not extended to 
these exceptional cases.
4•4 Effect of fuel
Experiments indicate that there can be a change in the 
distribution of copper atoms in a propane and an acetylene 
flame. Care is needed in the interpretation of the results. 
Because of the difference in burning rate of the two fuels, 
different burners had to be used in making these plots.
The propane burner had a wide slot (lmrn) which resulted 
in lower gas velocities, and prevented the flame from blow­
ing away. The propane flame, therefore, was much wider and 
more irregular than the acetylene flame, see fig. 4.2. The 
acetylene flame, see fig. 4.5, is hotter, burns faster, and 
is reputed to have a greater reducing character. These 
factors could lead to variation in the distribution of the 
atoms, however no conclusions of this nature could be made 
due to the above-mentioned uncertainties .
The value of this experiment lies in the recording of the 
difference in distribution and sensitivity to be expected 
when the fuel or burner is changed. The propane and acet­
ylene flames were checked using a copper solution. In 
both cases the lean flame gave the greater sensitivity.
With the pinhole arrangement shown in fig. 4.1, the 
propane flame gave a maximum density of 1.2. The acetylene 
flame gave a maximum density of 0.8, hence it was less 
sensitive. Removal of the pinhole did not reduce the sens­
itivity appreciably in either case; eg. the propane flame 
gave a density of 1.1. However, medium or rich flames led 
to a noticeable decrease in sensitivity, eg. for propane, 
a rich flame gave a density of 0.8.
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Figure 4.2
Copper in propane
® 1 c ^ U o n
Contour lines drawn at 0.1 unit of density. The maximum
density is found in the centre region of the distribution.
4,5 Effect of the cation
Pne various cations used showed great variation in 
their distribution. These distributions are shown in 
figures 4.3 to 4.11, for lean and rich acetylene flames. 
Air at 30 lb/sq.in. pressure was fed to the burner at 
1itres/min. The acetylene flow was varied from 1.0 
litres/min. The solution was sprayed into the 
flame at the rate of 0.5 cc/min.
When a rich flame was used, the ratio of fuels was 
adjusted to give a luminous flame. The lean flame was 
a nonluminous flame showing a thin blue reaction zone.
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4.6 Discussion
4,6.1 "Small area density" technique
Figure 4,12 shows the range of distributions 
likely to be met in atomic absorption analysis. Most 
of these distributions show a small region of higher 
density. Thus a worker using the common optical arrange­
ment of a wide beam of light passing through the flame, 
would average the density over the cross-sectional area 
of the light beam, and thus obtain a density value some­
what less than the maximum density of distribution. This 
type of measurement is referred to as "large area density", 
whereas densities measured with the pinhole,are referred 
to as "small area densities".
When the distributions shown in section 4.5 were being 
studied, measurements were also made of the large area 
densities. This was done by adjusting the burner to the 
position of maximum"small area density',' then recording 
the density of the flame with the pinhole removed. This 
gave an extreme value of"large area density"as the coll­
imated light beam passing through the flame was one inch 
in diameter; a wider beam than used by most workers.
If the atoms in a flame are distributed evenly, with no 
steep gradients, then the large area density is almost as 
high as the small area density. If,however, the atoms are 
concentrated in a small area of the flame, these densities 
differ markedly. An indication of the improvement that 
can be expected from using a small area technique,is shown 
in table 4„h The figures shown in this table are the 
ratio of "small area density"/"large area density"; thus a 
large number indicates that small area techniques should be 
used for the element concerned, if better sensitivity is 
required.
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Table 4.1
Values of"small area density"/"large area density"
Element Rich flame Lean flame
Copper 1.7 1.7
Molybdenum 6.4 14.6
Magnesium 1.9 4.0
Chromium 6.5 7.4
Calcium 5.1 4.2
Silver 1.6 2.3
Strontium 3.4 6.0
Barium 2.9 6.7
Sodium 1.3 1.8
4.6o2 The formation of atoms in the flame
It has been generally assumed in the past,that one 
particular type of flame is more efficient in "generating" 
atoms. This idea has developed from the observation,that 
a change of fuel type,or air/fuel ratio,will change the 
sensitivity of a determination. The results of this work 
are not inconsistent with the hypothesis,that the same 
number of atoms are formed regardless of flame conditions.
If an analyst adjusts the flame to a reducing condition, 
in order to increase the sensitivity, the resulting im­
provement may be due to atoms lasting longer in a reducing 
flame, rather tfi&an to the formation of more atoms in this type of 
flame. An examination of the maximum"small area densities" 
obtained with rich and lean flames,into which the same sol­
ution has been sprayed, does suggest that similar numbers 
of atoms are being formed in both cases. The small area 
densities show a peak absorption Just above the reaction 
zone, and as these densities are very similar for rich and
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lean flames, it is concluded that the same number of 
atoms is being generated at these points.
More atoms may be formed in the upper part of the 
flame, but the greatest concentration is in the hot 
region just above the reaction zone. If the atoms 
generated in this region last a relatively long time 
in the flame, then the large area density for this 
distribution will be similar to the small area density.
In table 4.2, the ratios of the small area densities 
for rich and lean flames are recorded. In most cases 
the ratio is near 1.0. Barium and calcium gave a ratio 
of 1.4, which suggested that more atoms were formed in the 
rich flame, and indeed there may be a difference, or the 
ratio may approach 1.0 if the density of even smaller 
areas could be measured.
Table 4.2
Ratio of peak"small area densities"in rich and lean flames
Element Na Ag Cu Mo Mg Ba Cr Ca Sr
Density of rich flame o 0 00 loO .93 1.13 1.08 1.41 1.0 1.37 1.20Density of lean flame
4.6.3 The shape of the spectral source
The hollow cathode tubes normally used as a spectral 
source have cathodes with a circular cross-section. The 
distribution of atoms in the flame, and the entrance slit 
to the monochromator, are both very much elongated in the 
vertical direction. These considerations suggest an elong­
ated spectral source would be more efficient. The detailed 
arguments are presented below.
(a) If the optical arrangement is such that the hollow 
cathode is focussed onto the monochromator slit, then,for 
cathodes of identical cross-sectional area, more light will
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enter the monochromator if an elongated source is used.
As shown in chapter 2,. the stronger the signal, the easier 
the measurement.
(b) A typical distribution of atoms in the flame shows 
a high horizontal density gradient, but a gradual vertical 
gradient. If"large area densities"are to be used, then 
greater sensitivity will be obtained by concentrating the 
light in the vertical direction. If light spreads horiz­
ontally, then less of the total beam will pass through the 
high density areas in the flame, and sensitivity will be 
lost.
In order to test this suggestion, an elongated cathode 
was used. The cathode was made of copper, and had a length 
to width ratio of five to one. A copper solution was sprayed 
into an acetylene/air flame situated between two quartz
convex lenses (ie. fig. 4.1, without the pinhole). The 
density of the flame was determined with the cathode vert­
ical, then horizontal. When the cathode was vertical, the 
light was 50 percent,and the density 40 percent, greater 
than when the cathode was horizontal.
The enhancement obtained depends on the optical arrange­
ment used, and the distribution of atoms in the flame. 
Parallel light was used, together with a wide distribution 
of atoms in the flame - a very unfavourable combination, 
yet the results still showed an enhancement. A greater 
enhancement would be expected under more normal conditions.
4.6.4 Conclusion
There are very few flames in which the"large area 
density" is similar to the"small area density". It would 
seem,therefore,that there is nothing to be lost, and much 
to be gained, by using"small area density"techniques.
6 ^
Unfortunately this cannot be advocated unreservedly, 
because of the serious loss of light entailed in forming 
the narrow light beam. A normal spectral source is usually 
too weak to allow the use of a wide-band amplifier. As wide­
band amplifiers are the most common, the introduction of high 
intensity spectral lamps, which do not show self reversal of 
the resonance lines, would allow this technique to be used 
more fully.
Two positive suggestions for increasing sensitivity 
emerge from the work in this chapter; these are the use of-
(a) "small area density"
(b) an elongated spectral source.
4.7 Plasma flame
4.7.1 Introduction
The plasma Jet is a stream of very high temperature 
gas. This gas is heated by passing it through an annulus 
formed by two concentric electrodes, between which an arc 
has been struck.
The unit used was a "Giannini Plasmadyne" plasma torch, 
fitted with a SG-1 spray gun. This equipment, together 
with staff and workshop facilities, were made available 
by Dr. H.K.Messerle, of the School of Electrical Engineer­
ing, Sydney University.
The spray gun unit had a power input from 5-25 KW, at 
gas flow rates of 40-140 litres/min. The gas used was argon, 
and the exhaust temperature at the nozzle was approximately 
10,000°G. The torch was positioned at right angles to the 
optic path, as shown in plate 4.4. The narrow band amplifier, 
photomultiplier, and lamp supplies described in chapter 1, 
were used in the experiment.
Solutions were sprayed into the plasma flame with an "EEL"
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atomiser, pressurised by argon at 20 lb./sq.in.
4.7.2 Spectral properties of the plasma
The main spectral characteristic of the plasma 
flame was the intense light output. This consisted of 
a continuous emission similar to that of a hot black 
body, together with atomic lines of argon. The light 
output was so intense that an experiment in atomic ab­
sorption was impossible until a silica tube was used 
to shield the monochromator slits from the direct rad­
iation of the flame.
The hot argon showed an unexplained absorption, at
o
times as high as 50 percent, in the region of 2000 A.
This absorption, and the intense continuum were the 
two most serious drawbacks encountered.
4.7.5 Experiments
A sodium chloride solution was sprayed into the 
flame to produce a visual indication of the efficiency 
of the plasma in converting the components of the spray 
into a suitable form for absorption, or emission,measure­
ments. It was very difficult to excite the characteristic 
sodium emission. Obviously the spbay was not being evap­
orated. Several experimental alterations to the plasma 
exhaust were tried, and eventually a small measure of 
success was achieved by allowing the spray to mix with 
the hot gases of the plasma in a long silica tube. The 
exhaust gases at the end of the tube, however, were too 
cold (about 500°C), to be effective for atomic absorption.
The best sensitivity was obtained by the use of a T 
tube. The plasma flame and the spray we re directed down 
the central tube, and the mixed stream made to flow along
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the optic axis, which was concentric with the other arm 
of the T tube» This arrangement detected 10 ppm of copper 
(1% sensitivity limit) and 100 ppm of selenium. Both sen­
sitivities were roughly 100 times less than the sensit­
ivity achieved by the standard 10 cm burner. An attempt 
to estimate the sensitivity to aluminium was unsuccessful, 
due to a fault developing in the spectral, lamp.
4-.7*4 Conclusions
Apparently the plasma flame has a high temperature, 
and low heat content. 'The two results reported here 
suggest that the plasma only evaporates a one-hundredth 
part of the spray evaporated by the standard burner.
(This small amount could have been evaporated
from the hot silica walls). It is felt,however, that this 
technique should be investigated further, as this experi­
ment has proved the feasibility of atomic absorption in 
this environment. The inert atmosphere, and high temper­
ature of the plasma flame could lead to higher sensitiv­
ities for the many elements which form refractory oxides 
in the flame of the standard burner.
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CHAPTER V
ANALYSIS EOR SELENIUM
5.1 Introduction
Selenium is a difficult element to adapt to analysis 
by atomic absorption, and indeed has been listed by Elwell 
and Gidley, (14-) as one of the elements never likely to be
estimated by this technique. There are two inherent 
difficulties -
o(a) The resonance line is below 2000 A.
(b) Suitable spectral sources did not exist.
Selenium,therefore,presented quite a challenge, and
was likely to test the instrumentation to the limit. A 
further reason to undertake work on this element has been 
the recent interest in the analysis for selenium in food­
stuffs and minerals. Present chemical methods of 
analysis for trace quantities of selenium are very slow, 
and require a high degree of skill from the analyst. It 
was hoped that a rapid and accurate method could be ob­
tained by the application of atomic absorption to the assay 
of this element.
5.2 Theoretical aspects of the spectrum
5.2.I Energy levels
The energies of the spectral terms used below have 
been taken from Moore, (15> 16), and a paper by Ruedy
and Gibbs, (17)» Landolt and Bornstein, . (18),
give slightly different values for some terms.
Reference to fig. 5»1 shows the spectral terms,and the 
transitions leading to the spectral lines referred to later
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in this chapter. In this figure, the terms for the 
electron configuration ls^, 2s^2p^, ^ s ^ p ^ d ^ 0, 4s2^p3 
of the Se*4" ion is used as a basis for the addition of an
Figure
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Origin of main selenium 
lines.
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extra electron, thus giving the terms for Se I. The terms 
for three equivalent p electrons are 2p? 4g ^ 0f which
lies the lowest. The 5s— •“ 3p transition to the ground
state triplet, and also the 5s--*5p transition, both of
which are shown in fig. 5«2, will be found in the ionic
configuration of fig. 5*1* The 5s-- *5p transition, which
is forbidden under L~S coupling conditions, is strongly- 
represented in the spectral sources used in this investig­
ation .
Other transitions which have a high probability occur 
in less accessible regions of the ultra violet. The 
state leading to the configuration of the ion has, 
however, been included in some of the following calcul­
ations .
5.2.2 Population of the excited states
In table 5*1 the relative populations are shown with
respect to a value of 1.0 for the ground state. The change
\of population with temperature has been calculated in order 
to examine the relative line intensities of the spectral 
source, and to estimate the relative sensitivities of the 
lines when used in absorption.
The populations have been calculated by the Boltzmann 
equation (5*1) which assumes conditions of thermal equil­
ibrium, which may not exist in some cases dis­
cussed here: ni Pi exp (- Cj/kT)
ITj" = Pj exp (- Cj/kT) (5.1)
where ni and nj are the number of atoms in the states 
i and , Pi and Pj are the statistical weights, (2J+1), of 
these states, and (fp, Cj are their energy levels.
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The value of k used was 1.38 x 10“ 16 erg mol“^-degree"^, 
and a conversion factor of 1 cm~l = 1.986 x 10“16 erg/mol­
ecule was used in calculating the energy levels.
Table 5«la
Energy levels of the important terms of selenium
Term 3si 5s 2 !d 2 5Po 3pi 3p 2
Wave
number
cm-l 50,997
48,182 9,576 2,534 1,989 0
2 J + 1 3 5 5 1 3 5
Table 5.1b
Relative population of each state
Term 3si 5s 2 1d2 3Po 3Pl 3P2
Temp.°K 
2,000 5.7x10-17 9xl0-l& 6 xlO”-^ 3.2 xlO“2 1.43X10-1 1
3,000 1.5x10-11 9x10-11 1 xlO"2 5.92xl0"2 2.32x10-1 1
10,000 3.6x10-4- lxl0~3 2.5x10-1 1.39xlO-1 4.5 xlO“1 1
00 6.0x10”1 1 1 2.0 xlO-1 6.0 xlO-1 1
5*3 Spectral source
The sources most used for atomic absorption are hollow 
cathode lamps, eg. White, (19)* This type of source has been 
recommended for work in atomic absorption by Jones and 
Walsh, . (20). The usual lamp consists of a cylinder 
of the desired metal as cathode, a tungsten wire anode 
parallel with the cathode, a glass envelope, with or with­
out a silica window, and a filling of argon at a pressure 
of about 1 mm Hg. For metals of low melting point, or poor 
mechanical strength, a copper cathode is used, with the 
metal placed inside the cavity in the form of a cylindrical
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liner.
Selenium used in this fashion, either melts (MP 217.4-°C) 
and runs out of the cathode, or evaporates (normal BP 685°C). 
If a low lamp current is used,, no selenium spectrum is ob­
tained. A lamp made by melting selenium into the cavity of 
a copper cathode will give a selenium spectrum if great
care is used in adjusting the lamp current. However, theoemission at I960 A only lasts for a few hours. A deposit 
of selenium builds up inside the glass envelope, and when 
the cathode is inspected, it is found that the selenium 
has "crawled” out of the cavity, and exists as a spongy 
deposit on the outside of the cathode.
A cathode was made with copper selenide powder packed 
into the bottom of the cavity of a copper cathode. This 
lamp produced a good spectrum, but failed within about five 
minutes, and could not be reactivated.
Experiments (using selenium in the cavity of a copper 
cathode) were carried out with various filler gases in the 
tubes. Nitrogen, chlorine, hydrogen, helium and argon 
were tried. The diatomic molecules gave their character­
istic band spectra, and ,with the exception of chlorine, did 
not appear to have any advantage. Chlorine seemed to 
enhance the selenium spectrum slightly - probably due to 
the formation of a volatile chloride. Some successful 
lamps were made with a chlorine - argon mixture.
The short life of these lamps was due to a drop inrgas 
pressure, or the removal of selenium from the cathode. A 
new cathode was prepared from carbon impregnated with sel­
enium. The cathode was turned from a spectrographic carbon 
rod, and was then either soaked in molten selenium or heat­
ed, and then soaked in molten selenium whilst under vacuum. 
As selenium evaporated from this type of cathode, there was
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a replenishment from within the carbon. This type of 
cathode was a big improvement; the lamps lasted several 
days, or even weeks. Various forms of tube were made 
with this type of cathode, some with tv/o cathodes, some 
with four, the power being switched to another cathode 
when output dropped. The selenium spectrum from a carbon 
cathode lamp is shown in fig. 5«3.
Figure 3*3
SfMctrum of S .i.n iu m  Cold Cothodo lam p
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With this type of cathode the gas pressure now became 
the limiting parameter. With heavy distillation of sel­
enium, the gas pressure dropped to a point where the tube 
would not strike. Current in the tubes was limited to 
10 ma to decrease the evaporation rate. This problem 
was partly solved by attaching a 1 litre flask to the lamp 
via a stopcock. The tube was initially evacuated and fill 
ed with argon at 2 mm Hg with the stopcock open; the stop 
cock was then shut, and the tube operated until the press­
ure and the emission intensity had fallen seriously - the 
original pressure could then be restored by opening the
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stopcock. The other method used was to have the lamp 
permanently connected to the vacuum system by a flexible 
tube, the pressure being adjusted as necessary.
These lamps with impregnated carbon cathodes were used in 
preliminary analytical investigations, but it was felt that 
further efforts should be made to produce a permanent, 
sealed source. As the major difficulty with selenium was 
the evaporation of the selenium from the emitting environ­
ment, it was decided to try an electrodeless lamp, where 
a small quantity of selenium could be trapped. A clear 
silica envelope in the shape of a Geissler tube 2" long, 
with a 1 mm bore, was used. A small quantity of selenium 
was distilled in under vacuum, and the tube sealed under 
high vacuum, or with approximately 2 mm of argon. The tube 
was then warmed, to evaporate some selenium, and a 15 Me 
radio frequency field applied, from a 500W transmitter.
The power was applied via two metal clips holding the tubeoat the ends. These tubes gave a strong line at I960 A,
and showed no deterioration with use. The only fault appears
to be a drift in output and sensitivity (self reversal of o .the I960 A line), due to the selenium pressure in the lamp 
changing with any temperature change of the envelope. Some 
lamps had to be heated externally with a bunsen burner to 
keep the selenium in the vapour state. If the lamps are 
made smaller - approximately one inch long - and the ends 
are covered with refractory cement, the heat generated is 
sufficient to sustain the selenium in the vapour state, 
and no external source of heat is required. Sulphur was 
sometimes distilled in with the selenium. The sulphur 
strikes more easily and heats up the lamp so that no sel­
enium can condense at any part of the envelope.. If only 
a minute quantity of selenium is used, the selenium pressure
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can then he very low, and less self reversal of the I960 A 
line is apparent.
Difficulty was experienced in transferring power from 
the transmitter to the lamp. The "pi" coupler on the trans­
mitter could not he made to match the apparently high im­
pedance of these lamps. The emitting plasma inside the 
lamp was assumed to have a very low impedance. As the 
means of transferring power was hy the small capacitance 
formed between the end clips and the plasma, it became 
apparent that this caused the poor transfer. These
capacitances, of about 10 pf, would be in series, thus 
giving an impedance of about 2000 ohms at 15 Me. Tubes 
were therefore made with tungsten electrodes passing 
through the envelope. These tubes could absorb greater 
power, and showed very good sensitivity. This type of 
lamp is now the source most preferred for selenium analy­
sis. The output still shows drift, and a yellow
tungsten oxide coating builds up on the inside of the 
envelope, and eventually ruins the lamp.
5*4- Line intensities from the spectral source
The following calculations were made to compare the 
observed line intensities with the theoretical intensit­
ies. The theoretical intensities are based on the Bolt­
zmann populations, given in table 5.1.
The application of the Burger-Dorgelo-Ornstein sum rule 
to these populations, then gives the intensity ratios shown 
in talple 5*2, for 10,000°K, and an infinite temperature.
The measured intensity of the lines is in millivolts, which 
represents the amplitude of the $00 c/s (modulated) 
signal present at the anode of the photomultiplier. These 
are typical values. Each lamp differs slightly, mainly due 
to variation in the partial pressure of selenium.
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Table 5*2
Ratio of line intensities for selenium
oLine A
Calculated 
10,000°K oo OK
Observed
Hollow Oath. RE lamp
I960 10 5 55 mv. 15 mv.
2042 4 5 250 400
2065 1 1 120 1000
2075 25 8 500 140
2164 10 5 - 100
Inspection of table 5-2 suggests that the line inten­
sities bear no relationship to the theoretical intensities.
It is felt that the following are the controlling criteria 
in determining the observed intensities :-
(a) self reversal of the resonance lines,
(b) the lines at 2075 and 2164 % are forbidden for L-S 
coupling,
(c) absorption near 2000 A due to prism.
The observed difference between the hollow cathode lamp 
and the electrodeless lamp seems to be mainly due to a 
higher selenium pressure in the electrodeless lamp - producing 
more self reversal. Howeverr it does seem that the for­
bidden lines are favoured in the hollow cathode lamp, 
possibly due to different conditions of excitation.
5•5 Elimination of self reversal
Self reversal, presumably,can be eliminated by having
only a low partial pressure of selenium. The reversal is
caused by the resonance line having to pass through colder
selenium vapour, which causes absorption in the centre of
the line. The absorption line is sharper than the emission
line. As yet,it has not been possible to excite the sel-oenium spectrum at such a low pressure that the I960 A line
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oappears much stronger than the 2040 or 206$ A lines.
The following two experiments were designed to test 
methods of circumventing this difficulty.
For the first experiment a selenium "resonance tube" 
was made,similar to that described by Zemansky, ref. (20), 
for mercury. A small silica cone with a flat silica 
window at the base, was charged by vacuum evaporation, 
with a small quantity of selenium. The vessel was then 
sealed,and mounted in the optical arrangement shown in 
fig. $.4
Figure $.4
Optical arrangement using a selenium resonance cell
o
0
entrance slit
sh i e l d
aperture resonance cell
A bunsen burner kept the vessel hotf and the selenium 
vaporised. Light from a selenium lamp was directed on 
to the window, so that selenium atoms adjacent to the 
window would emit resonance radiation. This secondary 
light, not having passed through selenium vapour, should 
be free of line reversal. If such were the case, the
change in intensity ratio of the ground state triplet
oshould indicate an enhancement of the I960 A line intensity.
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The experiment was first performed with a cold reson­
ance lamp. A small amount of light from the selenium 
source lamp was reflected from the surface of the silica 
window into the monochromator. The line intensities were 
measured, then the resonance lamp was heated and the in­
tensities were remeasured. No change was observable.
The optics were adjusted slightly, so that no measurable 
light was reflected from the selenium lamp into the mono­
chromator. On heating the resonance lamp, no resonance 
radiation was detected. It was concluded that any rad­
iation that may be emitted, under such conditions ,would 
be too weak for practical analysis.
The other experiments concerned the possibility of 
shifting the wavelength of the absorption line of the 
"cold" selenium vapour, by means of a magnetic field. A 
theoretical investigation was made of the splitting of 
the ground state triplet in such a field. Fig. 5*5 
shows the splitting for the 3s — ► 3p transition, to­
gether with theM.g values for each state. The calculation 
of the Lande g factor is summarised in table 5*3«
Table 5*3
Term s L J g
3S i 1 0 1 2
5Po 1 1 0 1
3pi 1 1 1 3/2
3p 2 1 1 2 3/2
The formula used was -
S ... J(J+1)+S(S+1) - L(L+1) 2J( j+i ;
The shift(in wave numbers)of a line is given by -
4.6699 x 10-5 H M g
(5.2)
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where M is the resolute of J in the direction of the field, 
and H is the magnetic field strength. A magnetron magnet 
was available, having a field strength of 4330 oersted 
(calibrated with copper sulphate and a balance).
Table 5*4 shows the splitting expected for each of the 
lines involved. These calculations indicated -
(a) no absorption remains at the original wavelength. o(b) a maximum shift of the order of 0.03 A is obtained
with a 4330 oersted field.
Table 5*4
Zeeman splitting of selenium resonance lines
Line
0A
Max. splitting 0 
cm“-*- A
Width
0A
2060 48463.0-48462.2 2063.43-2063.46 0.03
2040 49007.8-49007.0 2040.49-2040.53 0.03
I960 50997.3-50996.3 1960.89-1960.92 0.03
The line width of various spectral sources has been
discussed by Walsh, ( 1). The natural width
of a line is about 10“^ A,but after Doppler, pressure, and
Stark broadening, the line width is of the order of the
Zeeman shift, calculated above. A calculation of the width
of the selenium line was not attempted, as the temperature
and pressure within the source were unknown. It did seemohowever, that a shift of 0.03 A could be useful, so an 
experiment was set up to measure the intensities of the 
ground state triplet, with and without a magnetic field.
An electrodeless lamp was constructed so that one end 
could be positioned between the poles of the magnetron 
magnet. The selenium vapour at the other end of the lamp 
was excited into emission, and the light thus generated passed 
through the selenium vapour in the magnetic field. The
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experimental arrangement is shown in fig. 5-6.When the 
intensity ratio of the triplet was measured with,and with­
out, the magnet, no difference was observed. The sensit-
o
ivity of the 1980 A emission was tested with a selenium solution 
in the normal way. No change in sensitivity was observed, 
with or without the magnet.
After these unsuccessful experiments, no .further work 
was undertaken on the matter of self reversal. An inter­
esting observation was made during this experiment.
The presence of the magnetic field led to a considerable 
increase in the light output from the lamp.
radio frotjuercv input / Figure 5-8
Zeeman shift experiment
Figure 5-5
Zeeman splitting of the 
3p q transition
I
!
I
I
M
0 0
0 0
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5.6 Atomic absorption experiments on selenium
5.6.1 Equipment
Most experiments were done with an electrodeless 
lamp as the spectral source. Some were done with the 
modified lamps containing electrodes, but operating on the 
15 Me power supply. The light from the spectral lamp was 
chopped at 500 c/s before entering a silica T tube, des­
cribed later. The monochromator used a NaCl prism. The 
photomultiplier and housing used have been described 
elsewhere in this thesis. A narrow band amplifier,
(ie. the Hewlett Packard 302A wave analyser) was used to 
feed the signals-into a Varian G-10 recorder which had 
a suitable integrating capacitor across the input 
terminals.
5.6.2 Flame absorption   0At the short wavelengths near 2000 A, water vapour,
free gas, and other components of the flame show consid­
erable absorption. If, for instance, an operator sets the 
zero with distilled water as usual,and then sprays the sample 
which, may be a nitric acid extract, the nitrogen
oxides in the flame may account for most of the resulting 
absorption. Table 5«5 shows the extent of the absorption 
at different wavelengths.
Table 5«*5
Transmission of acetylene and flame gases at various
wavelengths
bine A Acetylene Flame
2164 100% 68%
2076 88% 52%
2062 90% 50%
2039 84% 44 %
I960 38% 18%
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The figures are transmissions related to the trans­
mission of air as 100%. Propane flames seem to give muchothe same absorption as acetylene flames. At I960 A, only 
20% of the original signal is available, and this unfort­
unate loss is accompanied by the production of substantial 
Mflame noise". Flame noise is defined here as being the 
fluctuation in light from the spectral lamp, due to the 
passage of that light through the flame. To cause this 
type of noise, two conditions must be operative.
(a) There must be absorption in the flame.
(b) There must be turbulence in the flame.
Both of these conditions are present, although some parts 
of the flame are less turbulent than other parts. The use 
of a silica T tube of 1" diameter helped to reduce the 
flame turbulence, and resulting flame noise. This tube 
was set up above an "EEL" spray chamber fitted with the 
original,1" diam.,burner. Spacing and fuel flow were ad­
justed for optimum sensitivity.
The setting of the air to fuel ratio is critical in this 
spectral region. An absorption of 20% can be obtained when 
spraying distilled water into a rich flame;buton increasing 
the air flow to the flame, this absorption is el­
iminated o
5.6.5 Sensitivity of the selenium lines
In table 5*6 are shown the relative sensitivities
of the selenium lines. The transmission (per cent),and
density,of the flame are shown for each line,when the same
selenium solution was sprayed. This solution,, which was
of unknown strength, had been adjusted to give a densityoof approximately 0.5 at I960 A.
During this experiment the flame, spray, and optics 
remained unchanged. An electrodeless lamp was used as the 
spectral source. Random fluctuations on the meter of
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about 3% were present during the reading. The results 
shown are each the average of three separate readings.
Table 3*6
Relative sensitivities of selenium lines
oLine A Transmission Density
2164 99% 0.004
2 0 7 6 9 8 0.01
2062 9 9 0.004
2039 7 7 0.11
I 9 6 0 30 0 . 3 2
It is considered that the experimental error is of the 
order of 0.01 unit of density, hence the readings from the 
three least sensitive lines are not regarded as signif­
icant .
An experiment using a 100 ppm selenium solution and a
ohollow cathode source indicated that the 2062 A line
definitely shows absorption. However, any absorption
o oshown by the 2076 A and the 2164 A lines was still within 
the experimental error of the instrument. Figure 3*7 
shows a typical calibration curve for selenium, using the 
I960 A line.
In another experiment, the monochromator was set to
scan the spectrum of a hollow cathode selenium lamp fromothe visible to the I960 A line, the spectrum being record­
ed on a chart recorder. Scans were made with distilled 
water sprayed into the flame, and then with a spray of a 100 ppm 
selenium solution. Both charts were then examined in an 
endeavour to pick other selenium lines that may have shown 
some sensitivity. As expected from theoretical considerat­
ions no absorption, other than that mentioned above, was 
detected. However, in some parts of the spectrum, serious
overlapping with argon lines occurs,and selenium absorpt­
ion, if present, could have been masked.
Figure
Sel en i um C a l i b r a t i o n
ppm Sal.nium
If the flame is assumed to have a temperature of the 
order of POOO°C in the primary reaction zone, the popul­
ations of the ground state triplet could be used to in­
dicate the expected sensitivities of the three active sel­
enium lines. As the absorption transition is from one of 
the three mem her-.-- the tp state to the single state,
tne z.:hi :\t.ion probability, and hence absorption sensit­
ivity, for each line, should only depend on the population 
of the appropriate member of the triplet state. In table 
5-7 the ratios of the calculated populations, together with 
tne observed flame densities,are set out. Within exper-
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imental error these are considered to be in good agreement, 
and to indicate that thermal equilibrium does exist in the
flame. Table 5*7
Calculated and observed sensitivities
Term Line A Calculated Observed
3Po 2062 1.0 1.0
3Pi 2039 4.2 5*5
C\JPM
rc\ I960 25*0 26.0
5*8,4 Choice of gas
Experiments were performed with propane or acetylene 
as the fuel. The absorption was similar for both, although 
the flames used were quite different. The burner for prop­
ane required a large slot (1mm) in order to reduce the gas 
velocity, and prevent the flame blowing off. Presumably, 
the absorption is caused by some intermediate combustion 
products, which are similar for both fuels.
The practical difficulties of comparing the sensitivity 
of an air/acetylene flame, and an air/propane flame, have 
been described in section 4.4. A test on the two burners 
described in section 4.4 did not show any significant 
difference in the conventional "sensitivity" for selenium. 
The air/acetylene flame had a limit of detection of 1 ppm. 
The air/propane flame had a limit of detection of 10 ppm. 
The 10 ppm solution gave a 10% change in transmission when 
sprayed into the flame. Sensitivity is normally specified 
as the concentration of the solution giving a 1% change in 
transmission. In this case, fluctuations of the flame pre­
vented a 1% reading being taken with sufficient accuracy. 
Whilst the limit of detection was, therefore, 10 ppm, the 
inferred sensitivity is 1 ppm with the air/propane flame.
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The best result was a 3% change in transmission for a 1 ppm 
solution. Acetylene,therefore, was used with the 10 cm
burner, although propane was used with the silica T tube. 
3.6.3 Variation with anion
Selenium can exist in many chemical forms. The 
usual inorganic forms are selenide, selenite, or selenate. 
However, selenium combines readily with halogens, giving 
volatile compounds, and is to be found in many complex 
organic systems, usually replacing sulphur. A series of 
tests was made to ascertain the possibility of a change 
of sensitivity with the type of chemical combination in 
which the selenium was bound. Standard solutions of sel­
enium were then subjected to analysis by atomic absorption. 
One gram samples of grey selenium were dissolved in
(a) nitric-sulphuric acid mixture, which converts it to
1
selenious acid,
(b) concentrated solution of sodium sulphite, which 
converts it to a selenosulphate,
(c) concentrated solution of sodium cyanide, which 
produces a selenocyanate.
The resulting solutions were made up to 1 litre. From
these stock solutions, standards of 10 ppm and 100 ppm
selenium were prepared for the test. The result of the
test is shown in table 3*8. A recheck, using only the 
oI960 A line,is shown in table 5«9» This experiment was 
performed with a different lamp to that used for table 
3.8. From these tests it is concluded that there is no 
preference for any particular selenium anion.
The values quoted are specular densities and represent 
the average of several readings. The experimental error 
is estimated to be approximately 0.01 density unit. Checks 
for non-atomic absorption, due to scatter by particles in
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the flame, and other causes, indicated a correction of 0.01 
which has not been applied in table 5-8 and 5-9*
Table 5-8
Flame density of selenium solutions at different wavelengths
oLine A 10 ppm Se in Na2S0^
10 ppm Se 
in NaCN
10 ppm Se 
in acid
I960 0.039 0.069 0.037
100 ppm Se 100 ppm Se 100 ppm Se
2039 0.13ft-) 0.12(5) 0.13(2)
2062 0.036 0.033 0.035
2076 0.010 0.012 0.011
2164 0.009 0.012 0.010
Table 5*9
Flame density (at 1960A) of selenium solutions
In Na2S0^ In NaCN In acid
10 ppm 100 ppm 10 ppm 100 ppm 10 ppm 100 ppm
0.05 0.25 o • o 0.24 0.05 0.24
5.6.6 Distribution of selenium in the flame
The distribution of selenium in a rich and a lean 
acetylene flame is shown in fig. 5»8. The distribution 
was obtained by the usual method of scanning the refract­
ion pattern with a 1 mm diam. hole (see chapter 4). The 
selenium atoms appear to last longer in the rich flame.
The peaksmall area" density is the same in both flames, 
hence the same number of selenium atoms appear to be formed 
at this point in both cases. If these atoms last longer 
in the rich flame, then this will be the best type of flame
%% *pto use with wide beam optics. By using the small area
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technique, an enhancement was found. A one inch diameter 
beam of parallel light gave a flame density of 0.4.By using 
a pinhole, the density was increased to 0.7*
Figure 5*8
Distribution of selenium atoms in a rich and lean acetylene
flame
['I
Rich S«l*nium Lean
5.6.7 Analysis for selenium in foods
The analysis for selenium in foods is becoming in­
creasingly important - (24). Franke and Painter,
(2 5 )Än 1935? proved that selenium could be a poison. 
Animals grazing in parts of the "Great Plains" of the 
U.S.A., particularly Nebraska, became emaciated, lost their 
hoofs and hair, developed anaemia, cirrhosis of the liver, 
and skeletal erosions. The cause of this was eventually
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traced to selenium present in vegetation growing in selenium 
rich soil. Schwarz and Foltz, (26), on the other hand,
have shown that selenium is an essential trace element. In 
low concentrations selenium prevented necrosis of the liver 
in rats, oedema in chicks, and muscular dystrophy in calves 
and lambs.
For this test analysis, a selenium-rich wheat, (Triticum 
species) together with its selenium assay, was obtained 
from South Dakota, U.S.A. A local wheat was checked and 
found free of selenium. This wheat was then used to pre­
pare samples of known selenium content, for testing 
the various techniques of sample preparation.
The greatest problem encountered was the extraction of 
selenium from the wheat in such a way that the resulting 
solution could be sprayed. KJeldahl digests with cone.
H2SO4 would not spray. An alkaline decomposition was even 
worse. Organic solvents, such as formic acid, dimethyl 
formamide,trifluoroacetic acid, dichloroacetic acid, di­
methyl sulphate and formamide,were tried. Some did diss­
olve most of the grain, but again, the solutions were too 
viscous for spraying.
Experiments were tried with wheat flour dispersed in 
such media as alcohol or water. Very dilute dispersions 
of flour were sprayable, but at these concentrations there 
was no sensitivity, as the selenium is present in the ppm 
range in the solid. A thicker dispersion soon blocked the 
spray.
Experiments were then carried out in extracting and 
concentrating selenium from wheat. Precipitation of sel­
enium in a ferric hydroxide precipitate,as a means of sep­
aration and concentration, was also a failure.
The next set of experiments concerned the distillation 
of the selenium as the bromide. This did seem to release 
selenium, but the recovery was poor. Furthermore, it was
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considered, that this technique offered no advantage over 
conventional chemical methods for the analysis for selenium. 
The standard methods distil off the selenium, and then 
determine the selenium by iodometric titration, colorim­
etry, fluorimetry etc., (2?— 36). The substitution
of atomic absorption for these methods of selenium estim­
ation, after distillation of the selenium, did not offer 
an advantage in time or precision.
When an attempt was made to burn 
wheat in an oxygen bottle, it only charred. On the other 
hand, combustion of ground wheat in a bomb, with thirty 
atmospheres of oxygen, completely decomposed the wheat, 
and gave a solution that was easy to spray. This was, by 
far, the most satisfactory method. The gas released from 
the bomb was slowly bubbled through distilled water, and then 
the water was checked for selenium. No indication could 
be found that selenium was escaping from the bomb by this 
means. After several methods had been tried, the follow­
ing technique was adopted. The wheat was ground to a 
coarse flour in a coffee grinder, and a ten gram sample 
weighed out. This sample was burnt in 30 atmospheres
of oxygen in the bomb. For safety reasons, the charge to 
the bomb could not exceed 10,000 cal., and as the wheat 
samples gave 4070 cal.g“ -^, several firings
were necessary to burn the 10 gm. sample. The bomb and 
fittings were then carefully washed with distilled water, 
(approximately 50 ml) the washings filtered to re­
move any unburnt wheat flour, and then slowly evaporated 
down to about 8cc, cooled, and made up to lOcc in a stand­
ard flask. This solution is then ready for spraying.
Loss of selenium could occur in the boiling down stage, 
or due to insufficient washing. Checks showed a slight 
residual selenium content in the stainless steel sample
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container . Under the conditions used here, ie. dilute 
nitric/nitrous acid solution, and no halides, no loss of 
selenium should occur, (37)* Checks on known amounts
of selenium in wheat, showed recovery values between 81-98%. 
However, the actual values may be higher, because the stand­
ard selenium solutionst used for calibration^have less vis­
cosity than the solutions prepared from the wheat samples, 
which contain dissolved organic matter. The spraying cond­
itions are therefore not identical, and exaggerate the 
loss of selenium in the wheat. The wheat standards were 
used when estimating the selenium content in the unknown
/'S
sample.
This method checked well with the American analysis 
supplied with the wheat. The American analysis was done 
in duplicatejby the method of Klein (iodine/thiosulphate),
(27), and gave a value of 16.7 ppm selenium. The 
average of two determinations by atomic absorption gave 
16.5 ppm selenium. However, it is considered that the 
method is only accurate to about 5%« A detection limit 
of about 1 ppm of selenium in wheat should be possible.
5.6.8 Selenium in minerals
The sample selected for analysis was a specimen of 
galena from the Lake George mine, Captains Flat, N.S.W., 
Australia. Three separate samples, containing varying 
amounts of iron and copper sulphides, were dissolved and 
made up as stock solutions. The selenium concentration 
of each was then determined by atomic absorption,and by 
a standard gravimetric method.
After much initial experimentation, the following 
procedure was adopted to obtain a solution containing the selenium. 
Approximately three grams of the ground sample was fused 
with sodium peroxide (with a protective layer of sodium
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carbonate on top), in a nickel crucible. The reaction is 
complete after five minutes at red. heat. The crucible is 
leached in boiling water, and allowed to stand overnight.
Any lead dioxide is filtered off, and the filtrate boiled 
down to 80-90 mis. After cooling, the solution is again 
filtered, and the volume is adjusted exactly to 100 mis. 
in a standard flask. For atomic absorption, this solution
iis sprayed directly into the flame in the usual manner.
The gravimetric determination consisted of reducing a 90ml 
aliquot with hydroxylamine hydrochloride in a solution 
made strongly acid with hydrochloric acid. The solution 
is heated on a water bath for five hours, and allowed to stand 
overnight, if possible. A red precipitate of selenium 
settles out. This is collected on a sintered glass cruc­
ible (porosity No.4) and weighed.
A comparison of results by the two methods is set out 
in table 9*10. This ore was relatively high in selenium.
A previous analysis of sulphide concentrates from the same 
mine had given a value of 2 ppm selenium, (38).
Table 9»10
Sample Atomic absorption Gravimetric
1 1140 ppm 1142 ppm
2 1970 1996
3 1790 1794
Whilst these results indicate a high order of accuracy 
it is considered that the experimental error is about 10% 
for individual estimations. The results shown, are average 
values from three determinations. The high concentration 
of inorganic salts in the solution used for spraying re­
duces the reliability of £ determination. Allowance must 
be made for non-atomic absorption, due to light scattering.
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The reproducibility of the spray is reduced by the 
viscous nature of the solution, and incrustations of
salt that tend to form near the spray jet. A continuum
♦below I960 A,that was present in the spectral source, 
was used to provide a correction for non-atomic absorption.
In this case, atomic absorption led to a very much more 
rapid analysis. However, it is felt that the accuracy 
achieved is no better than that of present chemical methods, 
and that samples with selenium below 50 ppm could not be 
analysed with confidence.
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SYMBOLS
Ap p - p amplitude of non—synchronous waveform.
Ar p - p amplitude of rectifier waveform.
As P - P amplitude of synchronous waveform.
C Capacitance in farads.
e Charge of the electron 1.6 x 10"*19 coulomb,
d Secondary emission coefficient of a dynode.
L ‘
db Decibel.
Ea Anode voltage.
En Noise voltage.
Enp, En2, En^ ------  noise voltages from different origins.
Ep Input voltage.
E0 Output voltage.
€i Energy of state i.
Energy of state j.
Af Bandwidth.
Afp Bandwidth of a particular small increment desig­
nated as MiM.
AF Total bandwidth ^  A f p .
g Lande's g-factor.
h Planck's constant 6.62 x 10~27 erg sec.
H Field strength, oersted.
I Photocathode current.
Ia Anode current.
In Noise current.
Ir Johnson noise current in a resistor,
j Number of signal quanta arriving in unit time.
J' Number of thermal quanta arriving in unit time.
J Total angular momentum quantum number.
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k Boltzmann constant 1.38 x 10~23 joule molecule"-^ deg” -^.
M Magnetic quantum number.
m Designate odd harmonics of a fundamental,
n Designates odd harmonics of a fundamental
N Mean number of electrons arriving per unit time.
AN Difference between the actual number of quanta
arriving per unit time and the mean number N. 
nj_ Number of atoms in the energy level "i".
nj Number of atoms in the energy level "j".
n0 Number of atoms in the ground state.
Pi Degeneracy of the states Min.
Pj Degeneracy of the states "j”.
PQ Degeneracy of the ground state.
Q Quantum efficiency of the photocathode at the
wavelength of the signal.
Q' Quantum efficiency of the photocathode at the
wavelength of the thermal radiation.
R Resistance.
RC Time constant.
S/N Signal to noise ratio.
T Temperature.
T Time of observation,
t Time.
V Volts.
W Power.
W Angular velocity in radians/sec.
Yq Waveform of a non synchronous signal.
Yr Rectifier switching pulse waveform.
Ys Waveform of a synchronous signal.
